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ABSTRACT
In this dissertation, development of antimicrobial biomaterials and sustainable
polymers from renewable biomass is described. In Chapter 1, an overview and recent
development about sustainable polymers from renewable biomass, antimicrobial
biomaterials and polymerization methods are given. Afterwards, the major research
objectives of this doctoral research work are described.
Innovative cationic polymers containing pine resin sourced abietic acid is discussed
in Chapter 2. The preparation of cationic compounds is conversed via a combination of
Diels-Alder, catalytic esterification, quaternization and subsequent decoration of
polycaprolactone that was prepared via ring-opening polymerization (ROP). Furthermore,
the antimicrobial activity against a range of bacteria, biocompatibility with mammalian
cells and the antimicrobial mechanistic aspects are provided. Chapter 3 is dedicated for
sustainable antimicrobial and antibiofilm coatings. They were developed using cationic
compounds and polymers grafted on surfaces via copper-catalyzed ‘click’ chemistry
(CuAAC) and surface-initiated atom transfer radical polymerization (SI-ATRP).
Antimicrobial, antibiofilm and biocompatibility properties of these surfaces were
examined.
Facially amphiphilic antimicrobial polymers using bile acids as the hydrophobic
building block are described in Chapter 4. The self-assembly of those polymers to form
antimicrobial nanoparticles was investigated. Next, Chapter 5 is reserved for the discussion
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of high molecular weight polymers prepared from resin acids via “living” ringopening metathesis polymerization (ROMP). The entanglement molecular weight, thermal
and mechanical properties were investigated. Thermoplastic elastomers were prepared by
making block copolymers from a resin acid monomer and a soybean oil based monomer.
Finally, Chapter 6 provides a summary of this dissertation research and future directions
involving renewable biomass for sustainable development.
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1.1 Sustainable Polymers from Renewable Biomass
The discovery and development of synthetic polymeric materials in the 20th century
can undoubtedly be recognized as one of the best inventions humans made to improve the
quality of life. Durability, light weight, diverse properties are just a few reasons why
polymeric materials’ presence span from simple water bottles to modern space stations.
Outstanding properties of polymeric materials have displaced other materials, such as
wood, metal, and glass to a considerable extent. Packaging, construction, transportation,
aerospace, biomedical, energy and military are few examples where polymeric materials
prevail. Global production of plastic has risen from 204 million tonnes in the 2002 to about
299 million tonnes in 2013.1 Manufacture of non-natural polymers is largely associated
with the utilization of essentially non-renewable fossil feed stocks either natural gas or
petroleum. Approximately, 5-8% of the world’s oil production is used for plastics
production.2 Accompanying environmental problems include but not limited to generation
of solid waste that accumulates in landfills and oceans, production pollution and related
environmental problems.3
A major underlying issue of plastics is the enormous carbon footprint associated
with production as portrayed by producing 1 kg of plastics generates about 3-6 kg of CO2.2
In addition, their impervious nature to enzymatic breakdown and ‘linear’ consumption as
opposed to natural counterparts’ results in relentless generation of solid waste from most
commercial polymers. Although, polymers can be recycled to produce new materials or
incinerated to recover its calorific value, such endeavor is not clearly understood by most
consumers nor required technological advances are available in most parts of the world.
Depleting oil reserves as well as these detrimental environmental impacts observed in the
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21st century have driven academia, and industry to explore sustainable polymers from
renewable biomass as a long-term alternative. In addition, the consumers’ preference as
well as governmental landscape has changed in favor of sustainable products for a greener
environment. Significant advancements have been made to discover sustainable polymers,
cost effective to manufacture and compete or out perform traditional materials in
mechanical aspects as well as environmental stand points.4 The valuable contributions to
the field by several recent books5,
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and reviews7-11 broadly discuss about sustainable

polymeric materials.
Given the influence of polymers as an indispensable resource for modern society it
should be taken as a stern concern for sustainable development. There are varied definitions
for sustainability. “Development that meets the needs of the present without compromising
the ability of future generations to meet their own needs” is the working definition given
by the report Our Common Future, published in 1987 by the World Commission on
Environment and Development.12 In most cases, the terms ‘renewable polymers’ and
‘sustainable polymers’ are used with overlapping meanings and without any distinction.
Typically, renewable polymers are made from renewable feedstock chemicals. However,
to be ideally sustainable those polymers should be more environmentally friendly to
produce - denoting less non-renewable chemical or energy use and less pollution emissions
and easy to decompose after service lifetime. Development of such polymers from biomass
is expected to solve problems associated with the dependence of fossil oil resources as well
as water and land pollution by non-degradable polymer waste from consumer products.13,
14

A comparison of petrochemical polymers and biobased polymers is given in Figure 1.1.
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Figure 1.1 A comparison between traditional petrochemical polymers and sustainable
polymers.
The prime aspects of the sustainable materials are to utilize renewable biomass
resources for raw materials as opposed to petrochemical sources and incorporate
degradability to the novel materials such that sustainable polymers inherit a cyclic life cycle
considering the time factor.

Figure 1.2 Schematic diagram to illustrate the concepts of sustainable polymers from
biomass.
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As illustrated in Figure 1.2, there is a considerable influence to global carbon cycle
by the plastic industry. ‘Fossil sourced’ carbon dioxide release is overwhelming that natural
photosynthesis or other natural sinks cannot equilibrate the global ecosystem. However, a
transition from fossil based chemicals to the use of non-petrochemical renewable biomass
to produce polymers would diminish the involvement to the greenhouse effects since they
are low carbon or carbon neutral as well as promote the sustainable utilization of limited
fossil oil resources. Unlike, the unevenly distributed fossil oil, natural biomass is available
in many geographic areas throughout the world and can be produced locally or regionally
without significant technological intervention. Also, their market price fluctuations would
be much favorable compared to crude oil resources and can provide a stable supply over a
long period.
Last two decades resulted in a great level of scientific advancements that paves
paths towards the initial stages of an era of sustainability, carbon neutrality, and
independence from petroleum sources for the generation of polymeric materials. Rapid
expansion of this field can be visualized by the exponential increase in the number of
scientific reports published on sustainable polymers, appearance of dedicated scientific
journals and the steady increase of the market share of renewable bio-based material
products for example NatureWorks Ingeo™, DuPont™ Sorona®. Although, market share
of bio-based polymers is about 2% in 2013 and it is expected reach more than 4% by 2020
with volume increases faster than that of petroleum based polymers.15
Global primary production of the biosphere exceeds 100 billion metric tons of
carbon per year which include contributions from both terrestrial and marine
communities.16 It is obvious that this primary produce will mostly end up in food chains or
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decay and sediment. Valuable raw materials for sustainable polymer production are hidden
in the biomass. Unfortunately, deployment of biomass for polymeric material production
is lagging largely due to the competitiveness of fossil oil counter parts as well as their wellestablished technologies for polymer industry. In addition, as the global human population
grows rapidly, the demand on biomass for food and energy purposes has perceived an
escalating interest. Nevertheless, a modern ‘gold rush’ is witnessed in recent years to
unlock the true potential of biomass chemicals. Generation of sustainable polymers from
agricultural feed stock such as sugar cane, corn, potatoes, and other carbohydrates has
limitations due to competing food necessities. Therefore, current focus is shifted towards
nonfood and feed renewable biomass and waste resources such as lingo-cellulosic
resources, paper mill waste, agricultural waste, and food waste.
Renewable biomass derived polymeric materials can be categorized in to three
classes. The first class is the naturally occurring biopolymers such as rubber, cotton and
starch that were used extensively for years before synthetic polymers were invented. In
recent years, reviving of biopolymer research for materials science can be seen. There is
enormous growth in biopolymers research such as cellulose,

hemicellulose,

polysaccharides, chitosan, and lignin (Figure 1.3) to discover novel hybrid materials with
improved properties as well as commercialization. Some of the common approaches
involve blending or surface modifications of these already-built-in macromolecular
structures to manipulate the physical properties. Polymers obtained by the fermentation of
sugars or lipids can be considered as the second class of polymers. Examples include
polyhydroxyalkanoates (PHAs) such as poly(hydroxybutyric acid).17, 18 PHAs are a family
of biodegradable linear polyesters produced by bacterial fermentation of sugars and
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lipids.19 Their structural diversity and analogy to plastics makes them good candidates to
replace synthetic thermoplastics. With modern technologies, the PHA research has
expanded to produce block copolymers and graft polymers using a variety of bacteria
including new isolates and metabolically engineered species.

Figure 1.3 Naturally occurring polymers obtained from renewable biomass.
The third class of polymers are obtained by polymerizing small molecular biomass
chemicals. The benefit is that these materials can be precisely engineered at a molecular
level into polymers with useful properties like some plastics derived from petroleum
chemicals. Compared to chemicals from fossil oil refinery, one major drawback in biomass
feedstocks is in the direct conversion into high value chemicals that can be used for
polymerizations.20

Technological infancy for such enterprise as well as the operating cost

make it far from wide scale feasibility. However, modern chemists and material scientists
have cracked down most of these problems and have achieved varying degrees of success.
Top biomass platform molecules produced from sugars, which recognized by the US
Department of Energy, are shown on Figure 1.4.21 A recognized approach for transforming
7

raw biomass into market place chemicals is given by the concept of biorefinery. 22 In a
biorefinery raw biomass feedstock is processed to generate value added platform chemicals.
The products from biorefinery are expected to replace fossil oil based products coming
from petrochemical refinery. It is important such method does not compete food based
biomass for materials development as the human population keep increasing rapidly.

Figure 1.4 Top biomass platform molecules produced from sugars recognized by the US
Department of Energy.
Besides these chemicals, hydrocarbon rich biomass such as terpenes including
pinene, limonene, resin acids (Figure 1.5), and furans, as well as fatty acids from vegetable
oils, cashew nut shell liquid are promising candidates for sustainable polymer preparation.7,
8, 23-25
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Figure 1.5 Terpene‐based compounds used in sustainable polymers.
Terpenes are the largest and most abundant class of natural hydrocarbons in nature.
Various olefinic terpenes have been incorporated in to polymeric materials. Resin acids are
naturally produced by conifer trees and the production is more than 1 million tons annually.
This largely overlooked resource is gaining interest as a source for polymer industry.
Triglycerides from natural plant oils are a widely abundant source of biomass to produce
sustainable polymers and materials. Various types of thermoset polymers have been
developed using plant oils.
The use of biochemical means such as microbial fermentation of various biomass
feedstocks to produce bio-based monomers such as lactic acid, succinic acid and itaconic
acid have become cost effective with recent advances in biotechnology. These monomers
are then polymerized using conventional methods. Example polymers include poly(lactic
acid), poly(butylene succinate), poly(ethylene) and poly(itaconic acid) (Figure 1.6).
Polylactide or poly (lactic acid) is a type of thermoplastic polyester that is one of the most
promising

commercialized

renewable

polymers

due

to

its

biodegradability,

biocompatibility and sufficient mechanical properties. Long chain branched polylactides
(LCB PLAs) have been introduced to overcome shortages of linear versions.
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Figure 1.6 Sustainable polymers derived from biotechnologically derived monomers.
Non-hydrocarbon molecular biomass including carbon dioxide (CO2), carbon
disulfide (CS2) and carbonyl sulfide (COS) is useful in the preparation of copolymers with
epoxides that afford C1-based polycarbonate polymers (Figure 1.7). Such polymers could
be promising to directly reduce the impact of excessive levels of CO2 produced by burning
of fossil resources. However, the major drawback is the poor activity of the reactants to
undergo polymerization. To circumvent that, copolymerization optimization and new
catalysts are being investigated.26

Figure 1.7 Copolymerization of limonene oxide and CO2.
Renewable biomass chemicals in commodity plastics and advanced applications is
ever increasing and highly recognized worldwide. It is unrealistic to envision a future
devoid of sustainable polymers. Sustainable polymers from natural biomass will
significantly replace the petrochemical derived polymers in the future. But the important
question is how long it will take for the transition, because the fossil oil resources will not
exist more than few more decades and the heavy burden of environmental problems related
to petrochemical sources grow exponentially. More research to improve the performance
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of sustainable polymers are required to move on the path to transfer from petrochemical
based polymer world to bio-based sustainable polymer world.
1.2 Renewable Resin Acids
Rosin is the non-volatile hydrocarbon-rich exudate of pine and other conifer trees
produced in large quantities as a chemical and physical defense against herbivore and
pathogen attacks.27

Rosin is considered as an abundant source of high-value diterpene

resin acids that is produced in quantities greater than 1.2 million tons annually worldwide.
Rosin consists primarily of abietic- and pimaric-type resin acids with characteristic
hydrophobic

cycloaliphatic

or

aromatic

ring

structures

generally

known

as

hydrophenanthrene rings. Similar to all terpenoids, oleoresin terpene biosynthesis arises
from fundamental precursor isopentenyl diphosphate which undergoes isomerization and
condensation to produce geranylgeranyl diphosphate, the precursor of diterpenes.
Conversion of the precursor to various tricyclic diterpene oleﬁn structures is catalyzed by
diterpene synthases followed by three-step oxidation at C18 to produce corresponding
diterpene resin acids (Figure 1.8).27, 28

Figure 1.8 Pathway of diterpene resin acid biosynthesis in conifers. AS: abietadiene
synthase and P450: multi-substrate P450 oxidase enzymes.
The most abundant resin acid is abietic acid with the empirical formula C20H30O2
meanwhile the other components are different isomers having different unsaturations
(Figure 1.9). Resin acids are known to possess a variety of biological activities including
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antimicrobial,29 anti-inflammatory30 and anticonvulsant31 activities.

The presence of

carboxyl groups, conjugated double bonds and other functionalities imparts these
chemicals a tunable chemical reactivity to obtain derivatives such as salts, esters and maleic
anhydride adducts, and hydrogenated or disproportionated resins which are used in a wide
range of applications.7 Rosin is traditionally used as ingredients in fine chemicals such as
antifouling caulking agent, in inks, adhesives, cosmetics, vanishes, medicines and chewing
gums.8

Figure 1.9 Chemical structures of representative resin acids.
Resin acids have similar rigidity and chemical stability to petroleum based
cycloaliphatic and aromatic compounds. In addition, compared with other renewable
biomass resources, resin acids have several unique properties that make them promising
candidates for polymer science.: (1) hydrocarbon-rich chemicals that can increase the
hydrophobicity of materials; (2) bulky hydrophenanthrene group improve thermal
properties; (3) rosin-derived esters are biocompatible because they are permitted to be used
as food additives in chewing gum and beverages, approved by the U.S. Food and Drug
Administration; (4) Rosin is a non-food biomass resource that does not have competition
for food sources.
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Depending on the position of the hydrophenanthrene structure rosin based polymers
have been developed as main-chain polymers and side-chain polymers. Main-chain rosin
based polymers are prepared via various condensation polymerizations. However, the
molecular weights of polymers were low due to many reasons including steric hindrance,
monomer impurities, and stoichiometric control.32-36 However, radical polymerization of
side-chain rosin-based polymers have evaded such difficulties to produce polymers with
control of molecular weight. Rosin-derived vinyl, acrylic, or allyl ester monomers are
utilized to produce side-chain rosin-based polymers.35 However, the molecular weights
were not enough to have chain entanglements. Hence the polymers appeared as powders
and it was not possible to make mechanically robust materials. Rosin is an abundant
renewable resource that has shown promise in the field of polymer science. To improve
the performance of rosin based polymers, more investigations on the polymerization
methods of rosin based new monomers is required.
1.3 Bile Acids
Bile of mammals and other vertebrates are rich in bile acids that are amphiphilic
steroid acids (Figure 1.10). These are typically stay conjugated with taurine or glycine in
the liver forming bile salts that serve as surfactants to solubilize dietary lipids and fats by
the formation of micelles allowing digestion of food. Human liver cells produce primary
bile acids such as cholic acid and chenodeoxycholic acid via cytochrome P-450 enzyme
mediated oxidation of cholesterol in a multi-step pathway.37 In the intestine,
microorganism transform them into secondary bile acids such as deoxycholic acid and
lithocholic acid.38

13

Figure 1.10 Chemical structures of representative bile acids.
Bile acids are abundant in nature and accessible as biomass derived chemicals.
Hence, they are desirable for the development of novel building blocks for polymeric
materials.39 The rigid steroidal nucleus of these bile acids provides tough mechanical
properties. In addition, biocompatibility of such molecules confers useful biomaterials.
Recent advances have investigated a broad variety of structures with bile acids as repeating
units in the polymer backbone, as pendant groups along the polymer chain in block or
statistical polymer or chain end-functional polymers.40, 41 Biopolymers containing bile
acids in the main chain have been widely prepared using step-growth polymerization via
incorporating a variety of linkers, such as esters, amides, triazoles, urethanes, and imines.4246

Bile acid containing side-chain polymers have been developed for various applications

such as drug delivery, self-healing materials, and sensing.47, 48 Bile acids are also explored
as antimicrobial surfactants.49 However, bile acids as antimicrobial biomaterials require
more attention. Given the amphiphilic nature of the bile acid structure, it is intriguing to
see the development of novel biomaterials from these molecules.
1.4 Antimicrobial Polymers
Antimicrobial chemotherapy has revolutionized modern medicine in many aspects
and has significantly reduced ailments and death from infectious diseases. Many classes of
antibiotics that are clinically used today were discovered during the golden era of antibiotic
14

discovery from 1940s to 1960s.50, 51 Molecular targets of pathogens, which are absent or
significantly different from human cells such as cell wall, 60S ribosomes, cell membranes,
genetic materials and biosynthetic pathways, are utilized to design antimicrobial agents
(Figure 1.11A). Environmental pressure from the action of antibiotics combined with short
life cycles and lateral gene transfer mechanisms have resulted in rapid appearance of
resistant pathogenic populations of microorganisms.52 For example, widespread outbreaks
of penicillin-resistant Staphylococcus aureus and methicillin-resistant S. aureus (MRSA)
infections occurred just a few years after the introduction of β-lactam antibiotics, penicillin
and methicillin.

Figure 1.11 An illustration of antibiotic action and microbial resistance. (A) Typical
antibiotic target sites present in bacterial cells. (B) Mechanisms of antibiotic resistance.
Resistance mechanisms include efflux pumps, chemical modifications such as
phosphorylation, acetylation or hydrolysis, altering target and reprogramming biosynthesis,
most of which are against small molecule antimicrobials (Figure 1.11B).50, 53 The most
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prominent issue is the expeditious growth of acquired resistance in bacteria that cause
major healthcare crisis. For example, since the introduction of the ﬁrst β-lactam antibiotics,
the number of unique β-lactamase enzymes has grown from zero to over 1000.53 Decades
of use and misuse of antibiotics, combined with a forty-year lull in the pipe line of novel
antimicrobial agents, have consequences of a global superbug threat that could lead human
civilization to a pre-antibiotic era. The devastating nature of the increasing resistance to
available antibiotics is a global concern at high priority. Antibiotic resistance seems
inevitable. Therefore, it is essential to continuously develop antibiotics with novel modes
of action to face the evolving resistance.54
Antimicrobial polymers are a class of novel antimicrobial agents that is fueled by
the combined knowledge on antimicrobial peptides (AMPs)55 and polymer disinfectants
that have emerged as two distinct fields since the 1980s.56 There are several books, a variety
of reviews and highlights on antimicrobial polymers published over the past few years that
give broader and diverse perspectives.56-73 There has been a rapid expansion of novel
antimicrobial polymers and related research in the last decade.
It is increasingly recognized that microbial membranes provide an effective target
for the development of de novo designed antimicrobial agents. Recent understanding of the
innate immunity mediated by macromolecules highlights the importance of short
amphiphilic peptides that modulate host defenses against microbial pathogens.74 Also
known as antimicrobial peptides, these molecules are produced by almost all forms of
life.75 AMPs are potent, broad-spectrum antimicrobials that act as the first line of defense
against a wide range of invading pathogens including bacteria, protozoa, yeast, fungi and
viruses by rapid and direct killing as well as several other means of modulating host
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immune systems.76, 77 Several decades of studies have revealed more than two thousand
AMPs with diverse sequences of amino acids and a range of structures. However, all AMPs
show a common characteristic: the presence of an amphiphilic structure (in some literature,
“amphipathic” is often used). The optimal amphiphilicity, which comes from cationic
amino acids (e.g. lysine, arginine) and hydrophobic residues (e.g. isoleucine, valine),
enables AMPs to fold into cationic and facially amphiphilic secondary structures. This
feature permits AMPs to strongly interact with biological membranes. Interestingly,
receptor-mediated antimicrobial activity is generally absent in AMPs. For instance, it was
shown that all-D synthetic enantiomer homologous of magainins and cecropins have
similar potency to all-L natural peptides.78 This non-specific property has shown to be a
class of promising anti-infective agents that are assumed to defer long-term resistance
development compared to small molecule antibiotics.
Essentially, all types of living cells comprise a cytoplasmic membrane made of
lipid bilayers that serves as a protective barrier to separate and protect the cell from its
surrounding environment. In addition, being a ‘semi-permeable membrane,’ it acts as a
gateway regulating the transport of substances to and from the intracellular space.
Therefore, the cytoplasmic membrane has a vital task for the survival of the cell. Most
widely accepted mechanism of antimicrobial action of AMPs is direct microbial killing by
the disruption, reorganization or pore formation of cell membranes, resulting in the leakage
of cellular contents and eventual cell death. Although still under debate, several models
such as “barrel stave,” “toroidal pore” and “carpet model” have been proposed to explain
the membrane damaging interaction of AMPs with lipid bilayers.79 The fundamental mode
of microbicidal activity of synthetic antimicrobial polycationic agents is also found to be
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similar to that of AMPs 80. It is interpreted in terms of a sequence of essential processes81:
(1) It initiates by the adsorption on microbial cell surface. This utmost important step is
also the basis of selectivity towards microbes; (2) Then the polycations diffuse through the
cell wall and/or (3) interact with the cytoplasmic membrane; (4) This interaction may
irreversibly damage the integrity of the cell membrane; (5) subsequently result in the
release of cytoplasmic components including K+ ions, DNA/RNA; and (6) finally lead to
cell death. In addition to the membrane disruption by the integration of cationic polymers
with lipid membranes, they may also destabilize the membrane surface by displacing
divalent cations such as Ca2+ associated with the membrane phospholipids.
The basis of the selectivity of AMPs or polymer mimics towards bacterial or fungal
cell membranes comes from the fundamental difference in the cell membrane lipid
composition and surface components (Figure 1.12).82 Typically, the cytoplasmic
membrane leaflets of mammalian cells are asymmetric in terms of charge. For example,
the outer leaflet of human erythrocyte membrane is composed of neutral (zwitterionic)
lipids such as phosphatidylcholine, sphingomyelin and phosphatidylethanolamine, while
the inner leaflet bears negative charge coming from phosphatidylserine.71 In contrast, the
presence of phosphatidylserine, phosphatidylglycerol or cardiolipin in microbial cell
membrane outer leaflets, make the outer surface appealing to cationic molecules such as
AMPs. In addition, bacterial and fungal cells have additional cell envelope components
essentially, the cell wall that provides sufficient mechanical strength to endure changes in
osmotic pressure imposed by the environment. In Gram-positive bacteria, teichoic acids,
that are linked to either the peptidoglycan cell wall or to the underlying cell membrane,
impart net negative charges because of the presence of phosphate moieties in their structure.
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Gram-negative bacteria have an additional outer membrane bearing phospholipids and
lipopolysaccharides. The lipopolysaccharides impart a strongly negative charge to cell
surface. Fungal cell walls are comprised of glycoproteins and polysaccharides, mainly
glucan and chitin that are extensively cross-linked together to form a complex network.83
The phosphodiester linkages in these glycoproteins result in additional negative charges to
the fungal cell surface.84

Figure 1.12 Origin of the cell selectivity of cationic antimicrobial macromolecules. (A)
Illustration of the cross sections of microbial and mammalian cell envelopes. Mammalian
cell membrane surface (left) is largely neutral compared to bacterial (middle) or fungal
(right) cell membranes. (B) Selective interactions between cell membranes and cationic
polymers.
Typically, the relative chance of microbes to develop resistance to an agent depends
on the target specificity of the antimicrobial mechanism of action.85 This is the obvious
fact for the rapid resistance development against antibiotics since they are highly
specialized to attack a specific microbial target. In contrast, polycations are mostly
19

nonspecific in their action on microbes. However, it is unrealistic to expect that microbial
pathogens are unable to develop resistance against these macromolecules. It should be
noted that there are few reports indicating bacterial resistance development against AMPs
and synthetic polymers.86-88 Nevertheless, wide spread and rapid resistance development
towards membrane active, cell lysing antimicrobial macromolecules may be unlikely
compared to small molecule antimicrobials mediated with specific receptor sites.89 It has
been observed that there is a much greater number of passes required to induce resistance
in bacteria against AMPs or synthetic mimics of AMPs under in vitro experiments.90, 91 On
the other hand, it is ambiguous how in vivo conditions, where a multitude of defense agents
and mechanisms are present in the host organism, may define the microbial adaptations
against cationic macromolecules.92 These features may be the reason AMPs have been
actively present in biological systems as effective defensive macromolecules in many
forms of life for millions of years.
Synthetic mimics of AMPs are rapidly expanding, indicating that AMPs have
formed a better platform to develop a class of next generation antimicrobial therapeutics.
Several types natural AMPs and mimics of AMPs such as synthetic AMPs,93 β-peptides,94,
95

peptoides,96 and AApeptides97 have been developed with comparable or even better

activities than the natural versions. However, in most situations costly synthetic approaches,
fast proteolytic degradation, low bioavailability or toxicity limit their widespread clinical
applicability.98, 99
The ability to modulate the structural features in to diverse architectures and
functionalities, low cost synthesis, potent biological activity and stability make synthetic
antimicrobial polymers favorable over other analogs of AMPs. Compared with
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conventional antibacterial agents of low molecular weight, polymeric antibacterial agents
have advantages such as non-volatilization, inability to permeate the skin, longer
circulatory time and reduced residual toxicity to the environment. The general term
‘antimicrobial polymers’ include several classes of materials such as cationic polymers,
biocide-releasing polymers and antibiotic-conjugated polymers. Synthetic polymer
disinfectants with cationic functionalities that emerged simultaneously with AMPs show
strong biocidal activities. These macromolecules usually have cationic functionality such
as quaternary ammonium groups, and hydrophobic alkyl moieties and have been mostly
derived from poly(styrene)s, poly(vinylpyridine)s, poly(methacrylate)s, etc.72 However,
earlier versions of polycationic biocides showed significant toxicity to human cells. This
property could be only in line with their targeted application, which is in the solid state as
potent disinfectants or biocidal coatings. Therefore, the improvement of both antimicrobial
and biocompatible polymers is essential to enable widespread systemic or topical clinical
use of these macromolecules.
1.5 Polymerization Techniques and Modification Chemistries
Ring-Opening Polymerization (ROP). ROP is a very important controlled chaingrowth polymerization technique that has been well studied.100-102 Heteroatom containing
rings such as lactones, lactides, carbonates, lactams, ethylene oxide, N-carboxyanhydride,
oxazolines and siloxanes, are useful cyclic monomers that can undergo ROP
polymerization to afford linear polymers.103 Several mechanisms in which ROP occurs are
anionic, cationic, organo-catalytic and coordination-insertion. Biodegradable polymers
poly(lactic acid), polycaprolactone, poly(lactic-co-glycolic acid) produced from the ROP
of cyclic lactones and lactides are particularly attractive for their environmental
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friendliness and biomedical applications.104 Metal based catalysts, such as tin(II) bis(2ethylhexanoate) (Sn(Oct)2), aluminum alkoxides and zinc salts have been useful for ROP.
However, metal free ROP have been gaining much attention recently due to their reduced
environmental impact. Metal-free ROP have been developed using organic catalysts such
as N-heterocyclic carbenes, 4-dimethylaminopyridine and other organic super bases.105
Figure 1.13 gives a typical polymerization of ε-caprolactone to get polycaprolactone and
several catalysts that have been useful for ROP.

Figure 1.13 ROP of ε-caprolactone and representative ROP catalysts.
Atom

Transfer

Radical

Polymerization

(ATRP).

Controlled

radical

polymerization (CRP) of vinyl monomers is important for the synthesis of well-defined
polymers with controlled molar mass, narrow molecular weight distribution, and welldefined polymer architectures and control over functionalities.106-119 ATRP one of the most
applicable and widely accepted method for controlled radical polymerization.112 Figure
1.14 presents a general mechanism for ATRP. The temporal control over the radical species
is governed by the rapid and dynamic equilibrium between dormant species (PnX,
X=halide) and active radicals (Pn•). The equilibrium is achieved through a reversible redox

22

process of activation with low oxidation transition metal complex (Mtm/L) and the
deactivation with the high oxidation state of the complex (X-Mtm+1/L). Although, CuI/L
and X-CuII has been widely used as the catalytic system, several other redox-active
transition metal complexes (Cu, Ru, Fe, Mo, Os, etc.) have been explored. The equilibrium
conditions favor a high concentration of dormant species and low concentration of
propagating chain ends resulting a significant decrease of chain termination and transfer.
Such a behavior provides significant control over radical polymerization.

Figure 1.14 Schematic illustration of ATRP mechanism.
The initiating alkyl halides can be in solution or anchored on substrate surfaces
(nanoparticles, polymer chain ends or pendent groups, one dimensional surfaces, etc.). This
provide the ability to grow free polymers chains in solution or grafted from the substrates
which is a significant improvement compared to free radical polymerization.120, 121 Such
grafting from methods is named as surface initiated ATRP (SI-ATRP) which is important
in designing hybrid materials for biomedical applications.

122-124

Furthermore, the active

polymer chain ends and can be used for chain extension to other monomers via ATRP to
produce block copolymers. ATRP has opened the doors to explore polymers with various
chain architectures, compositions and diverse functionalities.125 Recent advances of ATRP
polymerization try to lower metal catalyst concentration to extremely low levels, air stable
ATRP as well as to explore metal free ATRP.126-129
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Ring-Opening

Metathesis

Polymerization

(ROMP).

Coordination-

polymerization methods such as ROMP allow for the synthesis of linear polymers with
high molecular weight. ROMP of cyclic olefins undergo chain-growth polymerization with
releasing of the ring strain energy as the driving force.130, 131 A variety of metal alkylidenes
are investigated for ROMP. Tungsten and molybdenum catalysts (Schrock catalysts)
typically have rapid initiation rates to produce well defined polymers with control.
However, Grubbs’ ruthenium based catalysts are well-known for their stability, functional
group tolerance and ease of use for polymerization under mild conditions. Three different
generations of Grubbs’ catalysts are given in Figure 1.15.

Figure 1.15 Grubbs’ catalyst structures.
ROMP undergoes a chain-growth olefin metathesis of the monomers as illustrated
in the mechanism (Figure 1.16). The overall mechanism of ROMP is a catalyst-mediated
carbon-carbon double bond exchange. The alkylidene catalyst coordinates with the cyclic
olefin and a new olefin that is generated coordinates with the catalyst as the polymer chain
grows. The metathesize of the unstrained olefinic bonds in the growing polymer chain
known as backbiting and chain transfer can increase the dispersity of the polymers.

24

Figure 1.16 Schematic illustration of ROMP mechanism.
Norbornenes, cyclopentenes and cyclooctenes are excellent monomers for
ROMP.132 Although the monomer pool for ROMP is relatively limited, linear polymers
with special functionalities can be prepared from substituted cyclic olefins. In addition,
sequential monomer additions provide a path for the preparation of block copolymers.133
ROMP provides an effective platform for synthesizing polymeric materials with diverse
functionalities and architectures.
“Click” Chemistry. Click chemistry defined by K. B. Sharpless in 2001 involves
many reactions with properties such as high yields, simple to perform, easy to purify and
can be conducted in benign solvents.134 Well-known examples includes copper(I)catalyzed and strain-promoted azide-alkyne cycloaddition, Diels-Alder cycloaddition, and
thiol-ene reaction. Among different click chemistries, copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction is the most well-studied and widely employed technique
to prepare novel polymer materials with various architectures and functional groups.135, 136
During this reaction, organic azides and terminal alkynes combine to produce 1,4disubstituted 1,2,3-triazoles (Figure 1.17).
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Figure 1.17 Copper catalyzed azide-alkyne cycloaddition.
CuAAC is useful to design functional interfaces through post-polymerization
modification such as to make graft to polymers to make side chains as well as to link
different types of polymers to obtain block copolymers with various architectures.137-139
1.6 Research Objectives
Development of sustainable biomaterials and polymers from natural biomass is
widely anticipated to reduce the dependence on fossil oil resources. In addition, the
emergence of drug-resistant bacteria necessitates the development of new antimicrobial
agents. The objectives of this dissertation are blended on those two areas of research. First,
antimicrobial biomaterials were developed using hydrocarbon rich biomass. Abietic acid
was converted to cationic compound that contain quaternary ammonium group, and it was
grafted to an azide substituted polycaprolactone polymer via CuAAC. These cationic
materials demonstrated to be effective antimicrobial agents against bacteria including
Methicillin-resistant Staphylococcus aureus with low toxicity to mammalian cells.
Mechanism of action was determined using molecular dynamics simulations and dyeleakage assays. Sustainable antimicrobial and antibiofilm coatings were developed using
the cationic compounds and polymers grafted onto glass surfaces via CuAAC and SIATRP. Antimicrobial, antibiofilm and biocompatibility properties of these surfaces were
examined. Facially amphiphilic main-chain cationic polymers were developed using bile
acids for antimicrobial applications.
Secondly, ROMP was utilized to synthesize high molecular weight resin acid
polymers with molecular weights as high as half a million Daltons.133 Flexible and
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mechanically robust films from these resin acid polymers were developed. The polymer
chain entanglement molecular weight was determined. Furthermore, thermoplastic
elastomers were prepared by combining resin acids, and soybean oil derived compounds.
Together, these materials show promise for antimicrobial and sustainable polymer
development using hydrocarbon rich renewable biomass.
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CHAPTER 2
BIO-INSPIRED RESIN ACID-DERIVED MATERIALS AS ANTIBACTERIAL AGENTS
WITH UNEXPECTED ACTIVITIES3

3

Ganewatta, M. S.; Chen, Y. P.; Wang, J.; Zhou, J.; Ebalunode, J.; Nagarkatti, M.; Decho,
A. W.; Tang, C., Bio-Inspired Resin Acid-Derived Materials as Anti-Bacterial Resistance
Agents with Unexpected Activities. Chem. Sci. 2014, 5, 2011-2016. Reproduced with
permission from The Royal Society of Chemistry.
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2.1 Abstract
Methicillin-resistant Staphylococcus aureus (MRSA), a complex of multidrugresistant Gram-positive bacterial strains, has proven especially problematic in both hospital
and community-settings, resulting in increased mortality rates and hospitalization costs.
Emergence of resistance even to vancomycin, the standard reference for MRSA treatment,
builds up pressure for the search of novel alternatives. We report potent natural resin acidbased cationic antimicrobial compounds and polymers that exhibit surprising antimicrobial
activity against a range of MRSA strains, yet are largely non-toxic against mammalian
cells. Molecular dynamics simulations and dye-leakage assays with anionic phospholipid
membrane mimics of bacteria demonstrate a membrane-lysing effect induced by unique
fused ring structures of resin acids that may constitute the principal mechanism of action
for selective lysis of bacterial cells over mammalian cells. Our antimicrobial materials are
derived from an unlikely yet abundant natural source, and offer a novel alternative to
currently-used approaches.
2.2 Introduction
Concerns over antibiotic resistance have now evolved into a vexing healthcare
crisis.1,

2

Previously-staple antibiotics, such as penicillin and methicillin, have been

rendered relatively ineffective due to the emergence of resistance among many bacteria.3-6
Methicillin-resistant Staphylococcus aureus (MRSA) is responsible for many difficulty-totreat infections and has become a type of superbugs that lead to serious public health
concerns.7-9 MRSA is associated with, and a major cause of, a wide range of conditions
and nosocomial infections such as tissue carbuncles and food poisoning, implant-device
and wound-related infections, bacteremia, necrotizing pneumonia and endocarditis, many
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of which are life-threatening.10 Currently, vancomycin is the gold-standard approach to
treat MRSA infections due to a lower drug acquisition cost and better clinical outcomes
even though newer agents with proven efficacy (e.g., linezolid, quinupristin-dalfopristin,
daptomycin, and tigecycline) are available.11-13 However, cytotoxicity must be carefully
observed during administration, and many MRSA strains are now having reduced
susceptibility to vancomycin.14,

15

Utilization of higher doses of vancomycin to treat

infections by MRSA strains with high minimum inhibitory concentrations 9 show increased
rates of nephrotoxicity and failures.16 These challenges highlight the need for alternative
treatment options having novel mechanisms of action and greater selectivity towards
MRSA.17
Herein we show promising anti-MRSA properties of cationic compounds and
polymers derived from an unlikely source, the extract of pine-tree resin with a global
production of more than one million metric tons annually.18,

19

Pine resin consists of

diterpene (C20) resin acids that are largely produced by pine and conifer trees as a part of
their chemical and physical defense against herbivore or pathogen attacks.20,

21

The

abietane resin, abietic acid, is known to possess a variety of biological activities including
antimicrobial22, anti-inflammatory23 and anticonvulsant24 activities. As a part of our
research to develop antimicrobial agents in large quantities (at the scale of kilogram in the
laboratory) and low cost using natural products that are particularly appealing for
developing countries,25 we identified abietic acid as a potential candidate.
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2.3 Experimental section
Materials
Maleic

anhydride,

furan,

ethyl

acetate,

ethanol,

toluene,

N,N-

dimethylaminoethylamine (DAEA), abietic acid (85%), propargyl alcohol, triethylamine,
p-toluene

sulfonic

acid

(PTS),

bromoethane,

2-chlorocyclohexanone,

m-

chloroperoxybenzoic acid (mCPBA), Sn(II)2-ethylhexanoate(Sn(Oct)2), sodium azide,
copper iodide and 1,8-diazabicyclo[5.4.0] undec-7-ene (DBU) were purchased from Sigma
Aldrich. Acetic acid, dichloromethane (DCM), ethyl acetate, ethanol, hexane, methanol,
toluene, tetrahydrofuran (THF), N,N-dimethylformamide (DMF) were obtained as ACS
grade solvents. Triethylamine was distilled after drying over K2CO3. Propargyl alcohol was
distilled from CaH2 under reduced pressure. Triton™ X-100, Calcein (97%), Sephadex®
G-25 Medium and Peptidoglycan extract from Staphylococcus aureus were obtained from
Sigma Aldrich and used as received. The phospholipids 1,2-dioleoyl-sn-glycero-3phospho-(1'-rac-glycerol)(sodium

salt)

(DOPG)

and

1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) were obtained as chloroform solutions from Avanti Polar Lipids,
Inc. and used as received.
Characterization
1

H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a Varian

Mercury spectrometer with tetramethylsilane (TMS) as an internal reference. Fourier
transform infrared (FTIR) analysis was performed using a Perkin-Elmer spectrum with
Attenuated Total Reflectance (ATR) mode. Gel permeation chromatography (GPC) was
performed in DMF at a flow rate of 0.8 mL/min at 50 ºC on a Varian system equipped with
a ProStar 210 pump and a Varian 356-LC RI detector and three 5 μm phenogel columns
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(Phenomenex Co.) with narrow dispersed polystyrene as standards. Mass spectrometry was
conducted on a Waters Micromass Q-Tof mass spectrometer, and the ionization source was
positive ion electrospray. Transmission electron microscopy (TEM) images were obtained
on a Hitachi 8000 transmission electron microscope at an operating voltage of 150 kV. The
TEM samples were prepared by placing a drop of sample on carbon-coated copper grids,
dried and stained (with RuO4) before observation. Fluorescence kinetic measurements
were performed on a Varian Cary Eclipse fluorescence spectrophotometer with
temperature controlled cells. A Zeiss LSM 410 confocal laser scan microscope (CLSM)
was used for fluorescent imaging. Zetasizer Nano ZSP, Malvern Instruments Corporate
was used for the determination of liposome size and surface charge. Wallac 1420
VICTOR2TM Multilabel Counter (PerkinElmer, Shelton, CT) was used for absorbance
measurements.
Synthesis of Resin Acid Derived Antimicrobial Compounds
Compound 1 was prepared using a modified synthetic strategy from our previous
report.26 The synthetic strategy illustrated in Figure 2.1 allowed us to prepare the compound
1 at large scale without any chromatography purification.
Synthesis of Maleopimaric Acid
Maleopimaric acid was prepared according to our

previous report.26 Abietic acid

(100.0 g, 0.28 mol) was heated to 180 °C under a nitrogen atmosphere and maintained for
3h. After adjusting the reaction temperature to 120 °C, maleic anhydride (27.5 g, 0.28 mol)
and PTS (0.5 g, 0.0028 mol) dissolved in acetic acid (300.0 mL) were added. The reaction
was refluxed at 120 °C for 12 h. The resultant yellow crystals were recrystallized from
acetic acid thrice. Then washed with 5 % NaHCO3 the final product was obtained as white
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crystals. (83 g,

yield 73%) 1H NMR (300 MHz, CDCl3) δ (ppm): 5.54 (s, 1H, CH=C);

3.10 (d, 1H, CHC=O); 2.73 (d, 1H, CHC=O); 2.50 (d, 1H, CHC=CH); 2.27 (m, 1H,
CCH(CH3)2); 2.10 (m, 2H, CCH2CH2); 1.16 (s, 3H, CCH3); 0.98 (m, 6H, CCH(CH3)2);
0.59 (s, 3H, CCH3).

13

C NMR (75 MHz, CDCl3) δ: 185.4(COOH); 172.7-170.9

(O=COC=O); 148.1 (C=CH); 125.1 (C=CH); 49.1 (C=OCHCHC=O); 46.8(CC=O). ESMS: m/z 400 (theoretical m/z: 399+H+)

Figure 2.1 Synthesis of resin acid-derived compound 1.
Synthesis of Compound A
Maleopimaric acid (50.0 g, 0.125 mol) was dissolved in ethanol (200.0 mL)
followed by adding N,N-dimethylaminoethylamine (14.0 mL, 0.125 mol) and refluxed at
85 °C for 6 h. The product started to precipitate after about an hour. After 6 h the reaction
was cooled using an ice bath to complete the precipitation, then filtrated and washed with
cold ethanol and dried. The compound A appeared as a white powder (41.5 g, yield: 71%).
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1

H NMR (Figure S2) (300 MHz, CDCl3) δ (ppm): 5.52 (s, 1H, CH=C); 3.70 (t, 2H,

NCH2CH2); 3.43 (d, 1H, CHC=O); 3.18 (d, 1H, CHC=O); 2.92 (t, 2H, CH2N(CH3)2); 2.63
(d, 1H, CH2CHC=CH); 2.35 (s, 6H, CH2N(CH3)2); 2.21 (m, 1H, CH2=CCH(CH3)2). ESMS: m/z 471 (theoretical m/z: 470+H+).
Synthesis of Compound B
Compound A (35.0 g, 0.074 mol) was mixed with 50 mL of distilled thionyl
chloride in a dry two neck round bottom flask under nitrogen at 0 °C. After adding two
drops of dry DMF, it was refluxed for 2 h followed by vacuum distillation to remove
unreacted thionyl chloride. Then the yellow colored viscous liquid containing the acid
chloride was dissolved in minimum amount of dry DCM. Another dry round bottom flask
was charged with dry propargyl alcohol (30 mL) and dry triethylamine (21 mL, 0.15 mol).
Then the crude acid chloride was transferred slowly to the second flask and kept stirring
for 24 h at 50 °C. The crude mixture was dissolved in THF/DCM mixture and stirred with
3 M NaOH solution for 3 h and extracted into DCM. The ester can be further purified by
using a silica column and ethyl acetate as the mobile phase. But this purification is not
required. 1H NMR (300 MHz, CDCl3) δ (ppm): δ: 5.37 (s, 1H, CH=C); 4.65 (m, 2H,
CH2C≡CH); 3.44 (t, 2H, NCH2CH2); 3.00 (d, 1H, CHC=O); 2.77 (s, 1H, CH2C≡CH); 2.49
(d, 1H,CHC=O); 2.44 (t, 2H, CH2N(CH3)2); 2.00 (s, 6H, N(CH3)2); 1.16 (s, 3H, CCH3);
0.98 (m, 6H, CCH(CH3)2); 0.59 (s, 3H, CCH3).
Synthesis of Compound 1
The crude product from the previous step was used without chromatography
purification. It was dissolved in dry THF and bromoethane (40 mL, 0.37 mol) was added.
The mixture was heated at 38 °C for 48 h. The product precipitated in THF in the process

44

of reaction. Then it was filtrated and then washed with THF.

Pure product appeared as

an off-white powder. The crystals were prepared by dissolving 500 mg of compound 1 in
1 mL of DCM, adding 3 mL of THF and evaporating slowly over night. (41.7 g, yield:
91%) 1H NMR (Figure 2.2) (300 MHz, CDCl3) δ (ppm): 5.39 (s, 1H, CH=C); 4.65 (m, 2H,
CH2C≡CH); 3.76 (t, 2H, NCH2CH2); 3.73 (m, 2H, NCH2CH2); 3.67 (m, 2H, N+CH2CH3);
3.39 (s, 6H, N+(CH3)2); 3.00 (m, 1H, CHC=O); 2.96 (s, 1H, CH2C≡CH); 2.64 (d, 1H,
CHC=O); 2.49 (d, 1H, CH2CHC=CH); 2.16 (m, 1H, CH=CCH(CH3)2); 1.16 (s, 3H, CCH3);
0.92 (m, 6H, CCH(CH3)2); 0.58 (s, 3H, CCH3). 13C NMR (75 MHz, methanol-d4) δ (ppm):
178.5 (CC=OO); 177.8-177.0 (O=CNC=O); 147.2 (C=CH); 124.5 (C=CH); 77.5
(CH2C≡CH); 74.6 (CH2C≡CH); 59.5-60.0 (CH2CH2N+ and CH3CH2N+). ES-MS (Figure
S5): m/z 537 (theoretical m/z: 537+81(Br)).

Figure 2.2 1H NMR spectrum of compound 1 in CDCl3.
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Synthesis of Resin Acid Containing Polymers
The polymers were prepared following our previous work as shown in Figure 2.3.26
ROP was used to polymerize α-Chloro-ε-caprolactone and the chlorine groups was
subsequently replaced by azide groups. Characterization was done using GPC (Figure 2.4),
1

H NMR (Figure 2.5) and FT-IR. The characteristic azide IR peak at 2100 cm-1 disappeared

after the click reaction confirming a quantitative completion of the reaction.

Figure 2.3 Synthesis of resin acid containing polymers.
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Figure 2.4 GPC trace of polymer A (Mn (GPC) = 27,900 g/mol, Đ = 1.59).

Figure 2.5 1H NMR spectrum of polymer 2 in DMSO-d6.
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Agar Disk-diffusion Assays
To conduct the assays, actively-growing cultures of each bacterial strain on
Mannitol salt agar (MSA) were inoculated on Tryptic Soy Broth (TSB) agar plates. The
bacterial growth culture (cell concentrations were 1.0 x 106 CFU/mL) 10 μL was diluted
to 1 mL in TSB and 100 μL of that was spread on TSB agar plates to form a bacterial lawn
covering the plate surface. Then 6 mm (diameter) filter discs were added to the plate surface,
then each compound at different concentrations in DMSO was added to disks, and the
plates were incubated at 28 oC for 18 h. The development of a clear zone around the disk
was indicative of the ability of materials to kill bacteria. By quantifying the area (knowing
its diameter and the depth of the agar) of inhibition, a minimum inhibitory concentration
was calculated for each material/bacterial combination using established protocols.27
Hemolysis Assay
Fresh mouse red blood cells (RBC) were washed with PBS for three times. Next a
suspension of 10x106 red blood cells in 50 μL PBS (4% in volume) was placed in each well
of 96-well round bottom plates. Compound 1 and polymer 2 were dissolved in PBS added
in individual wells at concentrations of 0, 100, 200, 300, 400, 500 μg/ml. PBS, 1% DMSO
and 5% Triton solutions were accompanied in separate wells as negative or positive
controls. Then all wells were adjusted with PBS to make the final volumes up to 200 μL.
A humidified 5% CO2 incubator was used to incubate the plates at 37 oC for 1 h. After
incubation, the plates were centrifuged at 1000 g for 10 min. Then 100 μL of supernatants
from each well were transferred to wells in a 96-well flat bottom plate. The absorbance at
576 nm for hemoglobin release from RBC was measured. Absorbance of supernatants from
RBC lysed with 5% Triton was taken as 100% hemolysis. Percentage hemolysis was
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calculated using the following formula: Hemolysis (%) = [(O.D.576 nm in the resin acid
material solution − O.D.576 nm in PBS)/(O.D.576 nm in 0.5% Triton X-100 − O.D.576 nm in
PBS)] × 100.
Cytotoxicity Assays
In vitro cytotoxicity carried out using mouse splenocytes isolated from C57BL/6
mice and cultured in the presence of QA. Culture medium 200 μL was supplemented with
2 μL of DMSO containing different concentrations, up to 100 μg/mL of compound 1 or
polymer 2. DMSO 1% was used as the control. Fluorescence activated cell sorting (FACS)
analysis of cell populations in mouse splenocytes after co-culture in vitro for two days was
employed after staining with fluorochrome conjugated specific Abs to determine the
cytotoxicity of compound 1 or polymer 2. For in vivo tests the mice received intravenous
injections of 10 mg/kg body weight of compound 1 or polymer 2.
Dye-Leakage Studies
Recent literature procedures were followed to prepare the dye-filled liposomes.28,
29

Chloroform solutions of the lipids (Figure 2.6) (total 15mg) were mixed in a 10 mL

round bottom flask and chloroform was removed by a gentle nitrogen stream to form a
uniform film. The flask was placed under vacuum for an additional 3 h at room temperature.
The dried film was hydrated by addition of 1 mL of 40 mM calcein in phosphate buffer (10
mM) at pH 7.0. The suspension was stirred for 1 h. The suspension was sonicated briefly
(5 min) in a bath-type sonicator at room temperature and freeze-thawed (liquid
nitrogen/water at 35 oC temperature) after each sonication. This was repeated 4 times until
the suspension changed from milky to nearly clear (i.e., only slightly hazy) in appearance.
The non-trapped calcein was removed by eluting through a size exclusion Sephadex G-25-
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150 column (15 cm × 1 cm), using phosphate saline buffer (phosphate 10 mM, NaCl 90
mM) at pH 7.0 as the eluent. The vesicle solutions were stored in a vial at 4 °C up to 4 days,
and diluted with the PBS buffer as needed. TEM, dynamic light scattering, zeta potential
and fluorescence imaging was used to characterize the liposomes (Figure S12).
The dye-leakage from the calcein trapped vesicles was monitored by recording the
increase of calcein fluorescence intensity at 515 nm (excit. = 490 nm, slit width 2.5) (Figure
S13). The 5-fold diluted vesicles 30 μL was added to 2940 μL PBS buffer in a cuvette. To
normalize data, a baseline of calcein fluorescence without compound addition was
observed for each sample for 60 sec. Phospholipid vesicles that were suspended in PBS
buffer (pH 7.0) were stable, and no increase of fluorescence was observed. Then 30 μL of
compound 1 in DMSO was added at t = 60 sec and the solution was mixed using the pipette
tip. Lysis was quantified by measuring the increase in fluorescence from solutions after the
addition of the compound. Complete vesicle disruption was achieved by addition of 30 μL
Triton X-100 (20% in DMSO) at t = 480 sec from the addition of the compound, into the
3 mL of vesicle suspension. The final fluorescence intensity was used as 100% leakage.
Lysis caused by the compound was reported as a percentage, calculated as 100 × [(FFo)/(Ft-Fo)], where F is the fluorescence intensity after addition of the compound 1 and F0
and Ft are fluorescence intensities without compound 1 and with Triton X-100, respectively.
For the bacterial cell wall mimic, peptidoglycan extract from S. aureus was dissolved in
DMSO at varying concentrations and compound 1 at a constant concentration, stirred for
12 h at 25 oC before addition to the solution containing dye-filled liposomes.
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Figure 2.6 Lipids used for dye-leakage assays and molecular dynamics simulations. (A)
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC); (B) 1,2-dioleoyl-sn-glycero-3phospho-(1'-rac-glycerol) (sodium salt) (DOPG).
Molecular Dynamics Simulations
The anionic bacterial membrane was modeled using a 7:3 ratio mixture of
dioleoylphosphatidylcholine (DOPC) and anionic dioleoylphosphatidylglycerol bilayer
(DOPG)30, while a quaternary ammonium-containing resin acid-derived agent (QAC) was
used for modeling the natural resin acid-derived cationic compound. The system was
constructed by placing QAC about 0.8 nm away from the surface of the upper leaflet of a
pre-equilibrated DOPC-DOPG membrane. Overall, the equilibrated lipid bilayer contained
304 lipids. The CHARMM36 force field31-33 parameter set was adopted for modeling
DOPC and DOPG lipids. For modeling the cationic compounds, parameters were taken
from the CHARMM General Force Field34 or were derived from ab inito calculations,
using the Gaussian09 software35 performed at the MP2/6-31G* level of theory. All MDS
were performed with the GROMACS program suite36 version 4.6. The solvated bilayerQAC system was subjected to stepwise energy minimization, equilibration followed by
600 ns of production MDS. A separate control experimental system was prepared by
placing a long linear cationic alkyl chain near a similar DOPG-DOPC lipid bilayer under
similar conditions. The MDS protocol used for the bilayer-QAC system was also repeated
for the control-bilayer system.
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The use of unconstrained MD to study the spontaneous insertion of a small
compound into a bilayer is generally a difficult problem due to limited sampling. To
improve the odds of capturing this event in our studies, we added 5 copies of either
precursor of compound 1 or the control compound (alkyl ammonium) to the bulk solution.
Using this procedure, two systems were setup. (A) QA-lipid system, consisting of five
copies QAC, placed about 0.8 nanometers away from the surface of the upper leaflet of the
pre-equilibrated DOPC-DOPG membrane. (B) AA-lipid system, consisting of five
molecules of a long linear alkyl ammonium, randomly placed 0.8 nm near the charged
surface of another copy of the lipid bilayer. The two complexes were then ionized with 0.1
M NaCl for electro neutrality, and stepwise energy minimization were performed using the
GROMACS program.
MD simulations were performed with GROMACS. Bond lengths were constrained
with P-LINCS37 allowing for a 2 fs time step. Long-range electrostatic interactions were
calculated using the particle-mesh Ewald method. Lennard-Jones potential and forces were
truncated at 1.2 nm. The systems were slowly heated to 300 K. The two heterogeneous
lipid systems were equilibrated in three phases. The first phase used an isochoricisothermal (NVT) ensemble, with temperature controlled using the Berendsen weak
coupling algorithm.38 The NVT ensemble was applied for 500 ps, during which the
temperature of the system was maintained at 300 K with a coupling constant of 0.1 ps.
Heavy atoms of both the lipid and QAC molecules restrained. Next the systems were
equilibrated with respect to pressure under the isobaric-isothermal (NPT) ensemble for 5
ns, using Nose-Hoover thermostat and Parrinello–Rahman barostat. Coupling constants for
temperature and pressure were 0.1 and 2.0 ps, respectively. Following this, all atomic
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restraints were removed, and the systems were further equilibrated for 10 ns under the NPT
ensemble. Unconstrained production simulations were performed for 600 nanoseconds
under similar conditions.
2.4 Results and Discussion
There are two structural requirements for the antimicrobial activity of diterpenoids:
a bulky hydrophobic moiety with a substituted hydrophenanthrene skeleton, and a
hydrophilic region.39 It is well known that quaternary ammonium-containing amphiphilic
molecules possess biocidal properties, and hence have been widely used as surfactants to
control microbes in clinical and industrial environments for several decades.40,

41

Furthermore, antimicrobial peptides, an emerging class of novel antimicrobial agents with
optimal amphipathicity and desirable size, have shown to selectively kill bacteria over
mammalian cells though they have several limitations.42-44 Based on these previous
observations, we hypothesized that a balanced hydrophilicity/hydrophobicity could
enhance the selectivity and antimicrobial properties of abietic acid.

Figure 2.7 Structures of resin acid derived cationic antimicrobial agents. (A) compound 1.
(B) polymer 2.
Hence, we chemically modified the fused tricyclic ring structure of abietic acid by
decorating it with a quaternary ammonium containing alkyl moiety and a propargyl ester
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moiety to obtain compound 1 (Figure 2.7A). A new, economical synthetic approach

was

developed to enable us to prepare compound 1 at a large scale (up to kilograms at our
laboratory facilities) without any chromatography purification. The propargyl end, by
replacing the carboxylic end group, provides enhanced hydrophobicity to the
hydrophenanthrene moiety of abietic acid, while the QA end acts in a hydrophilic manner.
In addition, the alkyne functionality of compound 1 provides a platform for further
modifications such as to covalently bind to a polymer chain and to produce a resin acid
containing antimicrobial polycation, polymer 2 (Figure 2.7B).26, 45 Though not explored in
this study, antimicrobial polymers provide additional attributes such as enhanced stability
and efficacy, lower residual toxicity46-48, and applications as carriers of other antimicrobial
agents,49 antimicrobial surface coatings50 and antimicrobial micells51-53.
To examine the anti-MRSA potential we tested compound 1 and polymer 2 against
several strains of MRSA including community-associated MRSA (CA-MRSA), traditional
hospital-associated MRSA (HA-MRSA) and MRSA-252. Community-associated
methicillin-susceptible S. aureus (CA-MSSA) was also tested as a positive control to
further examine the anti-MRSA potential of the materials. Generally, CA-MRSA is more
susceptible to antimicrobial agents compared to HA-MRSA, which is under high selection
pressure in hospital environments.54 MRSA strain 252 is resistant to a wide range of
antibiotics such as penicillin, ciprofloxacin, erythromycin, and methicillin.55,

56

Furthermore, MRSA-252 belongs to the clinically important EMRSA-16 clone that has
been responsible for approximately half of all MRSA infections in the U.K.,55 and the
recent detection of EMRSA-16 isolates in several other countries has highlighted the
pandemic potential of this clone.57, 58
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Though our earlier study revealed the antimicrobial efficacy of compound 1 and
polymer 2 against a variety of commonly used bacterial strains with promising results,26
experiments in this report shows surprising anti-MRSA potential of compound 1 and
polymer 2. Antimicrobial susceptibility was determined by the conventional agar diskdiffusion assays. Inhibition zone measurements indicated that our materials have
remarkable effects against CA-MRSA, HA-MRSA and CA-MSSA (Figure 2.8). Minimum
inhibitory concentrations were calculated for each material/bacterial combination using
established protocols.27 Compound 1 resulted in very significant growth inhibition zones
even at relatively low concentrations (e.g. 4 μg/disk). In comparison, MRSA-252 is slightly
less sensitive to compound 1. Nevertheless, all MICs of compound 1 against MRSA are
surprisingly low, in the range of 4.8-7.3 μg/ml (Table 2.1). The MICs for the polymer 2 is
also promising with the lowest of 9.9 μg/ml against CA-MRSA. Compared with some of
most important cationic quaternary ammonium-containing polymers recently reported,59-63
our materials have significantly higher efficacy against both S. aureus and MRSA. It is
worth mentioning that most of these polymeric systems adopt advanced structures. Our
system, in contrast, is a compound and a simple homopolymer, which would have high
potential to be developed into advanced antimicrobial materials, which we are currently
working on.
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Figure 2.8 Antimicrobial activities of compound 1 and polymer 2. Inhibition zone
measurements vs concentration (µg/disk) of the compound 1 and polymer 2 against CAMRSA, HA-MRSA CA-MSSA and MRSA-252 depicts the potential anti-MRSA
properties of these materials.
A crucial step in assessing the feasibility of an antibiotic or an antimicrobial agent
that may be later tested for human or animal applications is its cytotoxicity toward
mammalian cell lines. To explore this further, we carried out hemolysis and cytotoxicity
assays of our compound and polymer, and calculated selectivity indices. Mouse red blood
cells were incubated with the antimicrobial materials under different concentrations and
evaluated their hemolysis activity. The high selectivity and low cytotoxicity of compound
1 and polymer 2 were indicated by the high selectivity indices (ratios of HC50 to MIC,
Table 2.1). The highest ratios were greater than 68 and 26 for compound 1 and polymer 2,
respectively, which indicated that our antimicrobial agents are capable of selectively lysing
microbial cells, but not mammalian cells. When the molar concentration is considered, the
cationic polymers show strong activity. For example, the MIC of compound 1 and polymer
2 against CA-MRSA was 8.1 µM and 0.13 µM respectively. However, such low MIC for
polymer results from the presence of multiple active units in the polymer chain that can
interact with bacterial membranes effectively and in a localized manner.
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Table 2.1 Minimum inhibitory concentrations against several bacterial strains, HC50 and
selectivity index of compound 1 and polymer 2. (Original cell concentration is 1.0 x 106
CFU/mL)
S. aureus strain

Compound 1

Polymer 2

CA-MRSA ATCC BAA-1717

5.0

9.9

HA-MRSA ATCC BAA-29213

6.0

14.0

CA-MSSA ATCC BAA-1718

7.3

8.8

MRSA-252 ATCC BAA-1720

4.8

19.0

HC50 (µg/mL)

> 500

> 492

Selectivity index (HC50/MIC)

> 68

> 26

MIC (µg/mL)

As a more useful parameter, in vitro and in vivo cytotoxicity assays were carried
out using immune cells from C57BL/6 mice to rule out nonspecific activity on nucleated
mammalian cells. Mouse splenocytes consist of a variety of cell populations. T
lymphocytes and B lymphocytes are two major types of immune cells in splenocytes.
Based on functions and surface markers, T lymphocytes can be divided into cytotoxic
CD8+ T cells and helper CD4+ T cells.64 Concentrations of both compound 1 and polymer
2 were tested up to 100 µg/mL, in vitro. For in-vivo tests C57BL/6 mice received
intravenous injection of 10 mg/kg body weight of compound 1 or polymer 2. Fluorescence
activated cell sorting (FACS) analyses of cell populations in mouse splenocytes after in
vitro co-culturing with the antimicrobials are illustrated in Figure 2.9A-C. The X-axis
represents staining with anti-CD4 Abs directed against CD4+ cells, whereas the Y-axis
represents staining with anti-CD3 Abs for T lymphocytes. Anti-CD4 Ab detects the
expression of CD4 antigen on CD4+ T cells, whereas anti-CD3 Ab detects the expression

57

of CD3 antigen on all of T lymphocytes including CD4+ and CD8+ T cells. The portion
localized in the second quadrant (B2) represents the percentage of CD4+ T cell population
in splenocytes. By looking at the summarized data for in vitro and in vivo cytotoxicity
assays shown in Figure 2.9D, it is apparent that both compound 1 and polymer 2 did not
significantly change the populations of T and B lymphocytes. This suggests that both
antimicrobials resulted in minimal toxicity to nucleated mammalian cells.

Figure 2.9 Cytotoxicity of compound 1 and polymer 2 against mouse splenocytes. (A, B,
C) In vitro cytotoxicity FACS analysis of the effect of antimicrobials on CD4+ T
lymphocytes in mouse splenocytes. (A) control (DMSO). (B) incubated with compound 1.
(C) incubated with polymer 2. (D) Summary of effect of antimicrobials on CD4+, CD8+ T
and B cell populations in splenocytes after culture from in vivo and in vitro incubations
with compound 1 and polymer 2, respectively.
Quaternary ammonium containing compounds (QACs) and polymers, in general,
have the ability to perturb the lipid membranes of microbes through electrostatic and
hydrophobic interactions with the membrane phospholipids.40,
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43, 65, 66

This facilitates

membrane permeability alterations, which lead to progressive leakage of cytoplasmic
material and consequential lysis of the cells. To investigate such effects, we utilized
molecular dynamics simulations and dye-leakage experiments using model anionic lipid
membranes. The results provide strong evidence for the membrane destabilizing activity
of compound 1.
The interactions between cationic compound and a model anionic membrane were
probed by employing all-atom molecular dynamics simulations (MDS). The anionic
bacterial membrane bilayer was modeled using a 7:3 ratio mixture of zwittorionic and
electrically

neutral

dioleoylphosphatidylcholine

(DOPC),

and

anionic

dioleoylphosphatidylglycerol (DOPG) respectively (Figure 2.6). This lipid mixture is well
known to form stable anionic liposomes and suitable to mimic the lipid composition of
bacterial plasma membranes.67, 68 As a simplified model the precursor carboxylic acid
containing QAC of compound 1 was utilized (Figure 2.10E).
The bilayer-QAC trajectory indicated that the QAC interacts very strongly with the
lipid bilayer via electrostatically attractive forces between the ammonium group of the
cationic resin and the nearby phosphate group in the lipid head region.

Free energy

estimates of the interaction energy between QAC and DOPC-DOPG membrane was 27
kcal/mol with about 5 kcal/mol attributed to Columbic interaction. The binding event of
QAC to the lipid bilayer could be summarized in four stages (Figure 2.10A-D): (A) the QA
group is pulled towards the phosphate head groups of a cluster of DOPC and DOPG lipid
molecules due to electrostatic attraction; (B) QAC is horizontally aligned to lipid bilayer;
(C) QAC localizes in the membrane by burying its hydrophenanthrene group close to the
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lipid alkyl chain; and (D) the hydrophenanthrene moiety of QAC aligns with the alkyl
chain of the DOPG and DOPC molecules of the lipid bilayer.

Figure 2.10 Molecular dynamics simulations of the acid format of compound 1 and model
lipid bilayer. (A, B, C, D) Simulations snapshots (only neighboring lipid molecules and
carboxylic acid containing the QA precursor of compound 1 are shown for clarity). The
four stages depict QAC binding to lipid molecules in the model anionic membrane. (E)
QAC used for the MDS (F) Plot of partial densities of lipid phosphate head groups along
the Z-axis, before- and after- addition of QAC to the system.
The MDS studies also showed that the adsorption of QAC on the external
membrane surface leads to horizontal stretching of the lipid alkyl chain group. This causes
an unbalanced pressure on the membrane and leads to observed thinning of the membrane
in the simulation. The lipid bilayer thickness, estimated from the distance between the head
group peaks in the density profile (Figure 2.10F), shows that the lipid bilayer thickness is
reduced upon introduction of the QAC, illustrating the impact of structural reorganization
of the lipid alkyl chain due to its interaction with the hydrophobic component the model
QAC. This observation is strikingly similar to the membrane thinning caused by wellknown antimicrobial peptides such as Magainin 2.42, 67 It is possible to have even stronger
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hydrophobic interactions with the lipid bilayer when the carboxylic acid of our compound
is converted to a more hydrophobic propargyl ester group as in compound 1.39
A control experimental simulation involving a long cationic linear alkyl chain (Nethyl-N, N-dimethyldocosan-1-aminium bromide) was also carried out.

The simulation

data revealed that even though the alkyl ammonium compound was initially placed near
the head group of the lipid membrane, the compound diffused away from the surface of the
lipid bilayer during the course of the simulation.

The control compound was neither able

to specifically interact nor penetrate the lipid bilayer in the manner that was observed
during the resin-lipid simulation. The linear alkyl chain compound failed to penetrate the
lipid bilayer, despite the presence of both an ammonium head group and alkyl chain. This
reinforces hydrophenanthrene moiety as the primary hydrophobic structural determinant
necessary for binding and penetrating the lipid membrane.
Dye-leakage assays of dye-filled synthetic lipid vesicles are commonly carried out
to determine the membrane disrupting activity of various antimicrobial compounds and
polymers.69-71 Lipid vesicles or liposomes can be prepared from phospholipids with
compositions chosen to mimic the properties of bacterial cell membranes in terms of the
lipid content and surface charge. We hypothesized that our QAC selectivity towards
bacterial cells was facilitated by the net negative charge of the bacterial membranes. Along
with MDS studies, we prepared negatively-charged, large unilamellar vesicles having a 7:3
ratio of DOPC and DOPG lipids and loaded with 40 mM calcein solution.28,

71

The

liposomes had a Z-Average diameter of 142.5 nm and Zeta potential of -33.4 mV. At high
concentration, the fluorescence of calcein is self-quenched. If the liposome membrane is
broken, the calcein will be released into the aqueous environment and increase the
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fluorescence intensity (Figure 2.11A). The vesicles were stable in pH 7.0 phosphate
buffered saline (PBS) and DMSO. The leakage activity of compound 1 was monitored over
a range of concentrations. The resulting dye-leakage curve was plotted as percentage
leakage (normalized to the standard Triton X-100 by taking initial fluorescence as 0%
leakage and fluorescence after the addition of

Triton X-100 as 100%) versus the

concentration (Figure 2.11B). It can be seen that compound 1 induces dye-leakage starting
at 30 μg/mL concentration. But a significant increase in dye-leakage resulted at 120 μg/mL
and 100% lysis of phospholipid vesicles was observed above 300 μg/mL concentration. In
addition to the concentration dependence, our data suggest that lipid vesicle lysis was also
time-dependent. The leakage increased with time for concentrations above 30 μg/mL. For
example 100% lysis was achieved for 600 μg/mL of compound 1 after 100 s while it took
470 s for 300 μg/mL concentration to obtain the same result.
Gram-positive bacteria have a relatively thick cell wall, which can prevent the
diffusion of the compound toward the inner cell (i.e. plasma) membrane via QAC–
peptidoglycan binding or a sieving effect.29 Although one could not expect a significant
sieving effect for a small molecule such as compound 1, there exists the possibility for
positively-charged QAC to bind with the negatively-charged cell wall. To rule out any such
effect, a dye leakage experiment was carried out with peptidoglycan extract from S. aureus
bacteria as a model of bacterial cell wall mimic. The compound 1 at a constant
concentration was incubated for 12 h with varying concentrations of peptidoglycan, before
addition to dye-filled liposomes. The presence of peptidoglycan did not induce significant
changes in the percent leakage revealing minimal QAC binding to the peptidoglycan layer
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(Figure 2.11C). It is obvious that this characteristic contributes strongly to the observed
low MIC values of compound 1 against MRSA.

Figure 2.11 Dye-leakage experiment to evaluate the membrane activity of the cationic
compound 1. (A) Illustration of the key steps in the dye-leakage assay. (B) Concentrationdependent dye-leakage from anionic lipid vesicles in the presence of different
concentrations of compound 1 after 8 minutes of incubation. (C) Dye-leakage in the
presence of peptidoglycan with different concentrations and compound 1 at 120 μg/mL.
2.5 Conclusions
In summary, we have discovered that a simple modification of a natural resin acid,
surprisingly and dramatically enhances its antimicrobial effects. Both small molecule and
polymer have a strong potential to be used as high efficiency anti-MRSA medicines with
minimal side effects. Both MDS and dye-leakage experiments have demonstrated that
these bio-inspired materials can selectively kill bacteria by permeabilizing the lipid
membranes. Our approach will be an effective avenue to developing antimicrobial agents
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in large quantities, low cost and with a promising mechanism of action to kill multidrug
resistant bacteria.
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CHAPTER 3
ANTIBACTERIAL AND BIOﬁLM-DISRUPTING COATINGS FROM RESIN ACIDDERIVED MATERIALS4

4

Ganewatta, M. S.; Miller, K. P.; Singleton, S. P.; Mehrpouya-Bahrami, P.; Chen, Y. P.;
Yan, Y.; Nagarkatti, M.; Nagarkatti, P.; Decho, A. W.; Tang, C., Antibacterial and BiofilmDisrupting Coatings from Resin Acid-Derived Materials. Biomacromolecules 2015, 16,
3336-3344. Reprinted here with permission. Copyright (2015) American Chemical Society.
70

3.1 Abstract
We report antibacterial, anti-biofilm and biocompatible properties of surfaceimmobilized, quaternary ammonium-containing, resin acid-derived compounds and
polycations that are known to be efficient antimicrobial agents with minimum toxicities to
mammalian cells. Surface immobilization was carried out by the employment of two robust,
efficient chemical methods: Copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition click
reaction, and surface-initiated atom transfer radical polymerization. Antibacterial and antibioﬁlm activities against Gram-positive Staphylococcus aureus and Gram-negative
Escherichia coli were strong. Hemolysis assays and the growth of human dermal
fibroblasts on the modified surfaces evidenced their biocompatibility. We demonstrate that
the grafting of quaternary ammonium-decorated abietic acid compounds and polymers
from surfaces enables the incorporation of renewable biomass in an effective manner to
combat bacteria and biofilm formation in biomedical applications.
3.2 Introduction
Microorganisms form biofilms on surfaces as a protective lifestyle in hostile
environments.1-3 These sessile communities often develop from single planktonic cells into
a three-dimensionally organized and remarkably complex, community of microorganisms
encapsulated within an emergent polymeric matrix.4-7 Depending on the type of
microorganisms and the environment in which they live, the biofilms are characterized by
structural heterogeneity, genetic diversity and complex community interactions.5, 8, 9
Biofilms have become problematic in agricultural, industrial, environmental, and
clinical settings.10 Microbes in these resilient structures are inherently resistant to
antimicrobial agents and have become a major cause of infectious diseases.11-14 Many
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human diseases, such as dental caries, otitis, necrotizing fasciitis, and cystic fibrosis-related
pneumonias, are related to bacterial biofilms.13 Bacterial biofilms produced on the surfaces
of medical implants including catheters, heart valves, pacemakers, stents, prosthetic joints,
and contact lenses are a significant issue which pose considerable threats to patient
morbidity and mortality, and incur substantial increases in health care costs each year.12
Despite the presence of advanced sterilization techniques, it is still difficult to
eradicate biofilms and maintain sterility without frequent use of disinfectants. Therefore,
there is an ever-growing demand for surfaces with inherent antimicrobial properties that
can prevent bacterial colonization on them. Many methods for the antimicrobial
modification of surfaces have been developed.15, 16 Such methods include impregnating
antimicrobial nanoparticles,17 grafting small molecules having antimicrobial properties18
or antimicrobial polymers on surfaces,19-22 coatings with anti-quorum sensing molecules,23
loading antibiotics into surface matrices for slow release,24 photoactivated surfaces,25
changing hydrophobicity,26 and modifying surface nanotopography.27

Figure 3.1. Illustration of resin acid derived cationic compounds and surfaces. (A)
Compound 1 containing an alkyne functionality and the monolayer surface. (B)
Methacrylate functionalized resin acid compound 2 and the polymer grafted surface.
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Contact active coatings, which kill bacteria upon contact, can be fabricated with
chemically immobilized quaternary ammonium antimicrobial agents. Cationic surfaces
made up of covalently attached materials such as QA organosilanes,28-30 antimicrobial
peptides,19,

31

and QA containing alkylated polymers such as

polyvinylpyridines,32

polyethylenimines,33 poly(2-(dimethylamino)ethyl methacrylate),34,

35

hyperbranced

polyurea36 and many others37, 38 are known to be bactericidal. These materials are being
studied extensively due to their ease of synthesis, self-sterilization properties, and longlasting activities compared to other methods. Widespread utilization of such surfaces has
necessitated the integration of sustainable materials for low-cost, non-cytotoxic and
environmentally-friendly antimicrobial surfaces.
In earlier efforts, we found that the modification of natural resin acids (from gum
rosin) into quaternary ammonium compounds is a promising method for the preparation of
highly effective antimicrobial agents, which kill bacteria via selective bacterial membrane
lysis while exhibiting high bio-compatibility.39-41

Herein we report the surface

modification using low-cost resin acid derived cationic compounds and polymers to obtain
effective antimicrobial and antibiofilm surfaces (Figure 3.1).
The copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC) click
reaction was used to graft the cationic molecules to the substrate surfaces. Surface-initiated
atom transfer radical polymerization (SI-ATRP) was used to functionalize substrate
surfaces with cationic polymers. Although architecturally simple, these novel materials
demonstrated promising antimicrobial properties with an increased resilience to bacterial
biofilm formation against both Gram-positive and Gram-negative bacteria. Additional
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investigations revealed high levels of biocompatibility, illustrated by enhanced human
dermal fibroblast (HDF) growth and low hemolysis of red blood cells.
3.3 Experimental section
Materials
Abietic acid (85%), maleic anhydride, N,N-dimethylaminoethylamine (DAEA),
propargyl alcohol, triethylamine, p-toluene sulfonic acid (PTSA), bromoethane, αbromoisobutyryl bromide (BIBB), (3-aminopropyl)triethoxysilane (APTES), sodium
bicarbonate, calcium chloride, 3-chloroprapanol, sodium azide, methacryloyl chloride,
copper(I) bromide, N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA), sulfuric acid,
hydrogen peroxide, ethyl acetate, copper sulfate pentahydrate, and sodium ascorbate were
purchased from Sigma Aldrich, VWR, or Fisher Scientific and used as received. According
to procedures reported in literature, (3-azidopropyl)trimethoxysilane (AzPTMS),42
bromotriethylorthosilicate (BrTEOS),43 and 3-azidopropyl methacrylate44 were prepared.
QA containing resin acid derived compound 1 was synthesized, following our recent
report.41 Acetic acid, dichloromethane (DCM), ethyl acetate, ethanol, hexane, diethyl ether,
methanol, toluene, tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were
obtained as ACS grade solvents. Standard protocols were followed to dry solvents or
reagents. All other chemicals used for biological assays will be mentioned in the respective
sections.
Methacrylate Monomer (Compound 2) Synthesis
Compound 1 (8.97 g, 14 mmol, 1.0 eq) and 3-azidopropyl methacrylate (3.07 g, 18
mmol, 1.25 eq) were charged to a 100 mL round bottom flask and dissolved in 60 mL of
dry DMF. The flask was placed in an ice bath and stirred while bubbling nitrogen for 20
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minutes. Cu(I)Br (80 mg, 0.558 mmol, 0.04 eq) and PMDETA (125 mg, 0.721 mmol, 0.05
eq) were dissolved in 2 mL of dry DMF under a nitrogen atmosphere and added to the
reaction vessel. The flask was removed from the ice bath and allowed to heat to room
temperature and react overnight.

Upon completion of the reaction the crude product was

diluted in DCM and washed several times with aqueous/brine solution.

The organic layer

was then concentrated by rotoevaporation, precipitated twice in cold diethyl ether and
vacuum dried. Yield: 70%. 1H and 13C NMR were recorded on a Bruker Avance III HD
300 spectrometer.

1

H NMR (300 MHz, CDCl3) δ (ppm): δ: 7.53 (s, 1H, C=CHN); 6.09

(s, 1H, CHH=CC=O); 5.60 (s, 1H, CHH=CCH3); 5.33 (s, 1H, CH=C); 5.21 (m, 2H,
CCH2OC=O); 4.50 (t, 2H, CH2CH2ONN); 4.20 (t, 2H, CH2CH2OC=O); 3.79 (t, 2H,
O=CNCH2CH2); 3.75 (t, 2H, O=CNCH2CH2); 3.60 (m, 2H, N+CH2CH3); 3.39 (s, 6H,
N+(CH3)2); 2.89 (m, 1H CHCHC=O); 2.56 (d, 1H CH2CCHC=O); 2.36 (s, 3H,
CH3C=CH2); 2.33 (m, 1H, CH2CHC=CH). 13C NMR (300 MHz, CDCl3) δ (ppm): 178.5
(CH2CC=OO); 178.2-177.1 (O=CNC=O); 167.1 (CH3CC=OO); 147.3 (CHC=CHC);
143.1 (NCH=CCH2); 136.0 (CH3C=CH2); 126.1 (NCH=CCH2); 124.6 (CHC=CHC);
124.0 (CH3C=CH2); 61.2-59.9 (CH2CH2N+ and CH3CH2N+). Mass spectrometry was
conducted on a Waters Micromass Q-Tof mass spectrometer, and the ionization source was
positive ion electrospray. ES-MS: m/z 706.4540 (theoretical m/z: 706.4544 +H+ without
Br-)
Preparation of Antimicrobial Surfaces
Figure 3.2 illustrates the synthetic route used for the preparation of the
antimicrobial surfaces. As a fundamental study, glass substrates were used for the surface
modifications. Glass slides were cut to the desired size (1.2 mm x 10 mm x 25 mm) and
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immersed in a solution of Piranha (H2SO4:H2O2, 3:1) at 50 °C for 3 h with occasional
swirling. The surfaces were then carefully and thoroughly washed with deionized water
until the pH reached to 7.0 and placed in an oven (120 °C) for 2 h. Later, they were
transferred into a homemade reactor containing dry solutions of AzPTMS or BrTEOS (10
mM) in dry toluene. After assuring that all surfaces were completely immersed, the flask
was heated at 110 °C for 24 h. The surfaces were purified by washing them thrice with
toluene, ethanol and acetone, consecutively.

Figure 3.2 Grafting of antimicrobial materials on surfaces. (A) Grafting a monolayer of
compound 1 and (B) Grafting the polymer with pendant cationic abietic acid derivative.
A 10 mM (final concentration) solution of compound 1 was prepared by dissolving it (318
mg, 0.5 mmol, 1.0 eq) in DMF (40 mL) and stirred for 10 min. Then azide grafted surfaces
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(S2) were placed in the homemade reactor containing the solution along with CuSO4·5H2O
(12.6 mg, 0.05 mmol, 0.1 eq) in water (5 mL). The flask was covered and purged with
nitrogen for 15 min. Sodium ascorbate (20 mg, 0.1 mmol, 0.2 eq) in water (5 mL) was
transferred using a needle. This flask was kept at 50 °C for 24 h. Compound 1 immobilized
substrates were recovered from the reaction mixture and washed thoroughly first with DMF,
ethanol and acetone, consecutively, and finally with deionized water. After drying under a
stream of nitrogen, the modified glass slides were stored in a dry container.
ATRP initiator grafted substrates (S4) were kept in the homemade reactor and
monomer 2 (4.716 g, 6 mmol, 1.0 eq) was added along with 18 mL of dry DMF and purged
with N2 for 15 mins. Then a mixture of CuBr (214.5 mg, 1.5 mmol, 0.25 eq) and PMDETA
(259.5 mg, 1.5 mmol, 0.25 eq) in 12 mL of dry DMF was transferred. The reactor was
immersed in a preheated oil bath at 80 oC and kept stirring for 8 h. After that the substrates
were carefully washed with DMF, ethanol and acetone, consecutively, and finally with
deionized water. After drying under a stream of nitrogen, the surface modified substrates
were stored in a dry container.
Surface Characterizations
The chemical compositions of the surfaces were determined by X-ray photoelectron
spectroscopy (XPS) using a Kratos AXIS Ultra DLD XPS system equipped with a
monochromatic Al Kα source. Static water contact angles were measured using a VCA
Optima (AST Products, Inc) system with a manual controller capable of casting 1 μL of
Milli-Q water droplets. Static contact angles were recorded 5 seconds after placing the
water drop on the surface. At least five replicate measurements were taken to calculate the
average contact angle. Following reported procedures,32, 45 the surface charge density was
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evaluated. Modified surfaces were dipped in a 1 wt % solution of fluorescein (Na salt) in
deionized water for 10 min while shaking. Then the slides were thoroughly rinsed with
deionized water, placed in 3 mL of 0.1 wt % cetyltrimethylammonium chloride in
deionized water and shaken for 20 min to desorb the dye from the surface. The absorbance
of the resultant aqueous solution was measured at 501 nm, after adding 10 vol % of 100
mM aqueous phosphate buffer at pH 8.0. The surface charge density was calculated using
the surface area of the substrate and the extinction coefficient (77 mM-1cm-1).32, 46, 47 This
staining method was also used qualitatively to observe the presence of active material on
the surface using the confocal laser scanning microscopy (CLSM). For comparison, the
same polymerization procedure was conducted using glass beads instead of glass slides.
The grafted polymer was cleaved from surface using HF acid, following a procedure
reported in the literature.48 Then the molecular weight was determined by gel permeation
chromatography (GPC). It was performed with the eluent DMF at a flow rate of 1.0 mL/min
at 50 oC on a Varian system equipped with a ProStar 210 pump and a Varian 356-LC RI
detector and three phenogel columns (Phenomenex Co.) calibrated with narrow dispersed
polystyrene standards.
Contact Active Anti-bacterial Properties
To rule out the presence of any physically adsorbed material on the surfaces, a
standard diffusion assay was conducted using bacterial lawns of E. coli (ATCC 25922) and
S. aureus (ATCC 25423) grown on tryptic soy agar. These bacterial strains were used
throughout the study. To determine the antimicrobial activities of immobilized
antimicrobial agent under dynamic contact conditions a modified test method was used.49
Sterile conical tubes (15 mL) containing 5 mL of tryptic soy broth (TSB) were inoculated
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with 15 μL of log-phase cultures of either E. coli or S. aureus. Modified substrates were
sterilized with ethanol. After drying, they were immersed vertically in the tubes containing
the cultures and incubated at 37 °C with continuous shaking at 150 rpm. After 24 h, 1.0
mL from each well was serially diluted with phosphate buffered saline (PBS) and plated
on tryptic soy agar. After incubating 24 h at 37 °C the bacterial colonies were counted to
obtain the colony forming units (CFU). The glass slides in the conical tubes were carefully
rinsed with PBS and stained with propidium iodide and SYTO 9 (Live/Dead BacLight
viability kit, Life Technology, Carlsbad, CA, USA). These fluorescent nucleic acid stains
indicate cell viability as a function of membrane integrity. Healthy cells with intact
membranes will stain green, while dead or dying cells with compromised membranes will
stain red. CLSM was used to visualize the samples. ImageJ software was used to calculate
the number cells and CFUs observed from these experiments.
Anti-biofilm Activity in Solution
E. coli and S. aureus were sub-cultured for purity from a frozen glycerol stock on
TSA at 37 °C, and subsequently used to inoculate 50 mL 10% TSB. The culture was
incubated overnight at 37 °C with gentle shaking (150 rpm). Sterile MBEC Biofilm Assay
plates with 96 well bases (Innovotech, Edmonton, Canada) were used to test for biofilm
formation. In a typical procedure, 50 mL of the overnight culture was diluted into sterile
10% TSB for an approximate cell density of 105 CFU/mL to create the inoculum. Then 150
µL of the inoculum was added to each well and the peg lid was securely placed on the plate
and sealed with parafilm. The plate was incubated for 24 hours at 37 °C, 110 rpm. A sterile
96-well plate was seeded with various concentrations of 1 (0-500 µg/mL) in 10% TSB.
The MBEC peg lid was rinsed in deionized water three times and inserted onto the
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antimicrobial challenge plate. The plate was incubated at 37 °C and 110 rpm for 24 hours.
After 24 hours, the biofilm was rinsed in deionized water for one minute and allowed to
dry for 10 minutes at room temperature. The MBEC peg lid was then stained in 1% crystal
violet for one minute to stain the biofilm and rinsed three times in fresh deionized water.
The peg lid was then treated with 100% methanol (1 min) to dissolve the crystal violet.
Dissolved crystal violet was then measured at 600 nm with a Power Wave 200 Microplate
Scanning Spectrophotometer (Bio-Tek Instruments, Winooski, VT).
Anti-biofilm Activity of the Surfaces
Biofilms were grown on treated and untreated substrates separately within a flowthrough CDC Biofilm Reactor (CBR, BioSurface Technol., Bozeman, MT, USA). CBRs
are chemostat reactors that allow a gradual but constant refreshment of nutrients to
facilitate continuous growth of attached biofilm communities.50, 51 The bacteria E. coli was
subcultured from a glycerol stock in 3 g/L tryptic soy broth (TSB, Sigma Aldrich, St. Louis,
Missouri) at 37 °C. Three milliliters of an overnight culture were used to inoculate the
sterile CBR containing 400 mL 3 g/L TSB. The CBR was maintained at room temperature
with a constant stir speed of 120 rpm. The flow rate of sterile 3 g/L TSB into the CBR was
maintained at 0.1 mL/min. Biofilms were quantified using a crystal violet (CV) staining
assay. The substrate surfaces were extracted in duplicate at four and eight days postinoculation. The slides were gently rinsed with PBS and treated with 1% crystal violet to
stain the biofilm cells. Excess stain was rinsed with de-ionized water and crystal violet
was extracted with methanol. Cell density of the biofilm was quantified by measuring the
absorbance of crystal violet at 595 nm on a UV-2450PC UV-Vis Spectrophotometer
(Shimadzu Corp., Kyoto, Japan).
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Evaluation of Biocompatibility
Surface modified substrates were equilibrated in centrifuge tubes containing 10 mL
of PBS and 0.2 mL of diluted mouse blood (800 μL of blood diluted with 1000 μL of PBS),
following incubation at 37 °C for 1 h. PBS + 0.5% triton X100 and PBS were used as
positive and negative controls, respectively. The tubes were centrifuged at 1500 rpm for
10 min and the optical absorbance of the supernatant was measured at 545 nm on a microplate reader. The hemolysis rate (HR) was calculated as follows: HR = (AS − AN)/ (AP −
AN) here AS, AN, and AP are the optical absorbance of the supernatant of the solution
containing modified glass, the negative control, and the positive control, respectively.
Additionally, in vitro biocompatibility studies were carried out by utilizing HDF cell line
which was obtained from Instrumentation Resources Facility, School of Medicine,
University of South Carolina. HDF was propagated using Dulbecco’s modified Eagle
medium (DMEM, Sigma) supplemented with 7.5 mM of L-glutamine, 1% of
penicillin/streptomycin solution, 10% of fetal bovine serum (complete DMEM). HDF
(passage 30) was seeded in 12-wells of tissue culture polystyrene plates containing
different surfaces at a density of 1 × 104 cells/cm2 in a 1 mL volume of medium and allowed
to proliferate for 96 h at 37 °C in a 10% CO2 modified atmosphere until 60–70% confluence
was reached as previously described.52 Morphological observations of the HDF after 4 days
of in vitro culture on the different surfaces were made by phase contrast microscopy and
analyzed with Lumenera's INFINITY ANALYZE Software.
The HDF cells grown on different surfaces were fixed with 2% para formaldehyde
for exactly 10 minutes. The fixed cells on the different surfaces were washed twice with
PBS and then incubated with Alexa Fluor® 488 Phalloidin antibody (Life Technology) for
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actin staining (green) for 60 min at room temperature. After three times of PBS wash, the
surfaces were stained for DNA with 4',6-diamidino-2-phenylindole (DAPI) (blue) for 15
min at room temperature. After rinsing thoroughly with PBS, the different surfaces were
mounted on glass slides in Dabco (Sigma-Aldrich) and stored at 4 °C. The images from
different surfaces were taken using CLSM.
3.4 Results and Discussion
Grafting Antimicrobial Agents on Substrate Surfaces
Current efforts toward the utilization of renewable resources to generate useful and
functional materials are steadily increasing.53-55 Diterpene resin acids produced largely by
pine and conifer trees constitute a large bulk of biomass that can be effectively used to
make novel materials.

QA containing cationic compounds and polymers derived from

these resin acids can act as highly effective antibacterial agents with remarkable
biocompatibility (i.e. minimal cytotoxicity) towards mammalian cells.39, 41, 56 Unlike other
small QA compounds, this unusual activity of the QA abietic acid derivatives is related to
the optimum balance between the hydrophenanthrene ring skeleton and the quaternary
ammonium group. In the current study, we prepared antimicrobial surfaces using these
resin acid-derived QA cationic compounds. Typically, QA compounds and polymers have
been covalently attached onto various substrate surfaces such as glass, polymers, paper and
metals.57 In the present study, glass slides were used as the substrate since they are well
known to be inert and biocompatible. However, it is possible to use the same chemistry for
any substrate with hydroxyl functionality. Two strategies were followed to develop
antimicrobial cationic surface systems. The surfaces with a monolayer of compound 1 were
prepared via click chemistry between the surface immobilized azide groups and the alkyne
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moiety on the compound 1 (Figure 3.2A). Efficiency, versatility, and selectivity of the
copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction is strongly demonstrated
in a broad range of fields such as polymer and materials chemistry,58-60 bioconjugate
chemistry,61 medicinal chemistry62 and many other organic syntheses.63 Furthermore, atom
transfer radical polymerization (ATRP) is a widely utilized and versatile method for
controlled radical polymerization that allows a diverse range of polymers and architectures
to be prepared.64 Surface initiated ATRP (SI-ATRP) is commonly used to prepare polymer
brushes on surfaces.65 This method is well explored to prepare antibacterial surfaces with
high control, tunability and long-term effectiveness.66 Therefore, SI-ATRP was used in this
work, to graft cationic polymers from surfaces, which were modified with the ATRP
initiator (Figure 3.2B).
Progress of the reactions were confirmed by determining the static water contact
angle measurements (Figure 3.3A). Piranha treated glass surfaces (S1) were highly
hydrophilic and had a water contact angle of 17o. When AzPTMS was immobilized (S2),
the surface hydrophobicity increased which was evident from the contact angle increased
to 85°. These results were in a good agreement with literature.42, 45 Subsequent CuAAC
click modification with the QA compound 1 amplified the surface hydrophilicity, leading
to a final contact angle of 68°. Although there were positive charges on the compound 1
grafted surface (S3), the contact angle was much higher than that for pristine glass, which
may be attributed to the hydrophilic/hydrophobic balance between the bulky
hydrophenanthrene ring and the cationic groups. Surface attachment of ATRP initiator
resulted in a surface (S4) with a contact angle of 60° which was later increased to 82° (S5)
after the SI-ATRP of the Compound 2.
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Additionally, XPS revealed the change of surface composition and the progression
of the chemical modifications. The XPS survey scans illustrated the increase of carbon
content and the appearance of nitrogen on Surface S2 and bromine on Surface S5,
compared to that of the Surface S1 (Figure 3.3B).

After the completion of CuAAC

reaction and the SI-ATRP, the carbon content increased significantly on both surfaces S3
and S5. Depletion of silane peak intensity also confirmed the formation of a layer of
material on top of the glass surface. XPS did not detect copper on the surfaces, thus
nullifying the argument that residual catalyst from surface modifications may influence
bactericidal properties. Also, previous control studies using copper against different strains
of bacteria have not shown significant amounts of toxicity at low concentrations, indicating
that our resin-acid derived compounds and polymers were responsible for the antimicrobial
properties of the surfaces.39 Grafting of cationic compound 1 and the cationic polymer
resulted in surfaces that bear covalently attached cations. These cations can be stained with
a negatively charged dye such as fluorescein. It is useful to qualitatively confirm the
presence of cationic groups on surfaces. For the polymer grafted surface, the stain was
visible even to the naked eye, indicating the increase of cationic groups on Surface S5.
Figure 3.3C shows the CLSM images of different surfaces stained with fluorescein.
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Figure 3.3. Surface characterization results. (A) Static water contact angles on various
modified surfaces. (B) XPS survey spectra. (C) CLSM images of surfaces stained using
fluorescein. S1, pristine glass; S2, azide-grafted; S3, compound 1-grafted; S4, ATRP
initiator-grafted; and S5, polymer-grafted.
The density of QA groups on the glass surfaces was determined by a colorimetric
method which is based on fluorescent complexation between fluorescein disodium salt and
QA groups, as reported earlier.32, 45 It can be envisioned that not all the cations could be
exposed to fluorescein due to steric crowding, especially on the polymer grafted surface.
Therefore, this method quantifies the ‘solvent accessible’ density of QA groups on the glass
surfaces. Under the given conditions, fluorescein anions bind to QA groups via charge-
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charge interactions. It is assumed that one dye molecule binds with one QA group. A
stronger detergent such as cetyltrimethylammonium chloride can be used to remove the
bound fluorescein from the surface. The stain can then be quantified by measuring the
absorbance at 501 nm which is characteristic to fluorescein. There were approximately 0.5
cationic groups per nm2 on the Surface S3. Surface S5 had a cationic group density of 6.3/
nm2. Grafting density was approximated to 0.13/ nm2, with respect to the molecular weight
obtained from the cleaved polymer which was Mn,GPC = 39,400 g/mol.
Although not studied in this work, it would be useful to explore the behavior of
these cationic polymers grafted on surfaces using molecular dynamic simulations. Such
study can predict how the cationic groups interact with the solution which is directly related
to the biological property of such cationic surfaces.
Contact Active Antibacterial Activity of the Surfaces
In this work, we observed strong bactericidal effects upon contact of bacteria with
QA resin acid derived cationic surfaces. It was found that there was no observable leakage
of materials from the surfaces demonstrated by standard diffusion assays. The CLSM
images (Figure 3.4) show the development of S. aureus and E. coli cells on surfaces after
24 h incubation with surfaces S1, S3 and S5. The Live/Dead kit used for this viability assay
consists of two stains: propidium iodide (PI) and SYTO® 9, both of which stain nucleic
acids. Green-fluorescing SYTO® 9 can enter all cells live or dead and is used for assessing
total cell counts, whereas red fluorecing PI enters only cells with damaged cytoplasmic
membranes (eg. dead cells). Therefore, bacteria observed from CLSM must result from
pronounced growth on pristine glass surface.
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Figure 3.4 Stained (Live/Dead stain) surfaces after 24 h incubation with bacteria. (A) S.
aureus and (B) E. coli. Green cells indicate live bacteria colonizing the surface while dead
cells appear in red color. S1, pristine surface; S3, compound 1-grafted; and S5, polymergrafted.
However, the number of cells attached to the surface remarkably reduced when the
compound 1 was grafted (Figure 3.4 and 3.5A, B). This is possibly an anti-adherence
property of these QA surfaces. Compared to S1, there is an 86% reduction of attached S.
aureus cells and 47% reduction of attached E. coli cells on S3. Interestingly, S3 showed
prominent bactericidal properties, observed in red-fluorescent cells (i.e. having
compromised cell membranes). The modification with QA compound 1 resulted in a 61%
loss in S. aureus viability and 49% in E. coli viability (Figure 3.5C, D). Further, surfaces
with QA polymer prepared by SI-ATRP also exhibited a similar trend. However, the
antibacterial activity was much higher in terms of bactericidal as well as anti-biofilm
properties. There was a 94% reduction of S. aureus cells and a 59% reduction of E. coli
cells attached on S5, compared S1. After incubation, most of the cells located on S5
fluoresced red, indicating membrane damage with 70% of S. aureus cells and 69% of E.
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coli cells. In comparison with the results of S3, there was a notable increase in bactericidal
activity of S5 against both S. aureus and E. coli. In addition, the modified glass surfaces
were more bactericidal against Gram-positive S. aureus than they were against Gramnegative E. coli. This may be attributed to the bacterial cell envelope structural difference
where Gram-negative E. coli has an additional outer membrane.

Figure 3.5 Antibacterial activity of the modified surfaces after 24 h. (A, B) Number of cells
on the surface. (C, D) Percentages of live or dead cells on the surfaces. (E, F) Percentages
of CFU obtained for the bacterial cultures exposed to surfaces. S1, pristine surface; S3,
compound 1-grafted; and S5, polymer-grafted.
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These cationic surfaces were able to kill planktonic bacterial cells that came in contact with
them.

This phenomenon was probed from CFU counts of the liquid bacterial media

incubated in contact with the modified surfaces. S. aureus showed more susceptibility
against both surfaces S3 and S5 with 84% or more reduction of CFU (Figure 3.5E, F).
However, E. coli cells were less affected by the cationic surfaces resulting with the highest
inhibition of 74% CFU in contact with S5 relative to control S1.
Anti-biofilm Properties
It has been demonstrated that QA compounds can effectively eradicate bacterial
biofilm formation.10 Since the material in this study showed strong antibacterial activities,
a CDC bioreactor was used to study long-term antibiofilm activity. In most studies,
relatively short periods of time (<1 day) are used to study biofilm growth on cationically
modified surfaces. However, given that bacteria are dynamic and can adapt to their
environment, we conducted experiments over longer periods of time. The results of the
antimicrobial challenge assay indicated that compound 1 has strong anti-biofilm activity.
The lowest concentration of compound 1, which prevented the growth of previously
established S. aureus or E. coli biofilms on the pegs of the antimicrobial challenge plate,
was 250 µg/mL. This was determined by measuring the mass of biofilm on each peg
indirectly with dissolved crystal violet. The results for anti-biofilm activity of modified
surfaces conducted with the CDC bioreactor are summarized in Figure 3.6. It should be
noted that the model systems used for surface antimicrobial activity and antibiofilm
properties are quite different, hence a direct comparison would not be meaningful. It is
obvious that the unmodified surface S1 showed prominent and gradual growth of bacterial
biofilm on the surface. However, QA-attached surfaces exhibited reduced growth of
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biofilm on them. For example, S3 with a monolayer of compound 1 showed 77 % less S.
aureus biofilm biomass at 2 days of incubation and S5 with QA polymer demonstrated a
64 % reduction of that compared to the untreated glass S1. The cationic surfaces were more
tolerant towards S. aureus biofilm growth compared to that of E. coli. This can be expected
because the QA compounds have shown to be more antimicrobial towards Gram-positive
bacteria. Over 8 days S3 and S5 demonstrated slow growth of biofilms, which was
significantly less than that of the pristine surfaces. A similar or higher amount of biofilm
on QA polymer coated-surface may be attributed to the fact that the increased surface
area/roughness provided by the grafted polymer may provide more attachment sites.

Figure 3.6 The amounts of E. coli and S. aureus biofilm biomass accumulated on the
surfaces after incubating in the CDC bioreactor. S1, pristine surface; S3, compound 1grafted; and S5, polymer-grafted.
The complicated process of biofilm formation is initially governed by
physiochemical interactions between the bacterial cells and the target surface. Therefore,
surface chemical composition, charge, hydrophobicity and contour operate as primary
factors in the success or failure of colony initiation on a surface.21, 22 Antibacterial surfaces
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may deactivate any planktonic cells that successfully interact with the surface, hence
preventing the next stages of biofilm formation. We hypothesize that the reduction in
bacterial growth was the result of two possible mechanisms (Figure 3.7). First, the cells are
killed upon contact with the polymer and therefore cannot readily establish a biofilm.
Second, the attachment of bacterial cells on the surface is reduced due to unfavorable
surface properties such as charge and hydrophilic/hydrophobic balance. The antibacterial
and antibiofilm assay results of this study indicated that the surface modification procedure
induces both mechanisms.

Figure 3.7 Comparison of antimicrobial mechanisms of the QA surfaces (left) and pristine
surface (right). Resin acid containing cationic surfaces may act as a bactericidal and
bacterial repelling coating.
Biocompatibility of the Surfaces
In our earlier reports, it was demonstrated that QA decorated abietic acid
compounds and polymers are highly biocompatible while showing strong antimicrobial
properties.41 Here, additional biocompatibility evaluations were carried out for the
modified surfaces utilizing hemolysis activity assays and surface cell growth assays. The
hemolysis on chemically modified glass surfaces indicated a high degree of
biocompatibility (i.e. non-cytotoxicity). Unmodified glass is known to have a negligible
hemolytic effect. The hemolysis level of S3 was found to be <4%. The polymer grafted
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glass S5 resulted in insignificant hemolysis (< 0.1%). Interestingly the cationic surfaces
showed improved proliferation of fibroblast cells. HDF cell proliferation over four days
(Figure 3.8) showed continuous increase of cell density on the cationic surfaces.

Figure 3.8 Amount of HDF cells proliferated on the surfaces. S1, Pristine surface; S3,
Compound 1-grafted; and S5, Polymer-grafted.
Figure 3.9 shows the fluorescence microscopy and phase contrast images of the
fibroblast cells grown on surfaces S1, S3 and S5. HDF cells were attached and spread well,
with typical cell morphologies on surfaces S3 and S5. However, surface S1 did not show
pronounced growth when compared to S3 or S5.
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Figure 3.9 Morphology of HDF cells proliferated on the surfaces after 4 days. (A)
Fluorescence microscopy images after staining. (B) Images under the phase contrast
microscope. S1, Pristine surface; S3, Compound 1-grafted; and S5, Polymer-grafted.
After two days of seeding, cells changed their shape and began to spread. Cells on
surfaces S3 and S5 had stretched out many filopodia, and most of them had further
extended to be triangles and polygons, while the cells on Surface S1 spread to be flat with
no or less ejection of filopodia. There was a difference in reaching confluence of the HDF
cells within the different surfaces. Confluence of the HDF cells was observed on surfaces
S3 and S5. There was a difference in cell proliferation on the surfaces, which was indicated
by the varying extents of cell spreading observed on different surfaces. The Surface S5 was
highly cell-adhesive. HDF, when attached to S5, proliferated to mature fibroblasts by
extending their filopodia and having a branched cytoplasm surrounding their speckled
nucleus. It was interesting to observe an improved proliferation of human fibroblast cells
on the cationic surfaces which is consistent with previous reports, stating that cationic
surfaces promote fibroblast spreading, proliferation and extracellular matrix production.67,
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Therefore, it can be inferred that the resin acid containing cationic surfaces are able to

provide suitable grounds for cell proliferation.
3.5 Conclusions
In conclusion, we have developed a simple and effective method to prepare
antimicrobial surfaces using resin acid derived cationic compounds and polymers. The
cationic compound 1 and polymer grafted surfaces showed strong antimicrobial activity
against the bacteria, S. aureus and E. coli. The surfaces were more active against Grampositive (i.e. S. aureus) bacteria. The surfaces were resistant to biofilm growth for longer
durations of time as demonstrated by the CDC bioreactor assay. In addition,
biocompatibility of surfaces was proven to be excellent, as demonstrated by hemolysis
assays and HDF growth assays. These contact active coatings may be used to modify
relevant surfaces to actively eliminate infectious microorganisms by destroying planktonic
cells as well as controlling their biofilm growth. Therefore, this work presents a promising
approach for the incorporation of renewable resources for developing surfaces that can
control the spread of infectious diseases.
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CHAPTER 4
FACIALLY AMPHIPHILIC ANTIMICROBIAL POLYMERS CONTAINING
LITHOCHOLIC ACID IN THE MAIN-CHAIN
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4.1 Abstract
Bacterial infections have become a global issue that needs timely attention.
Specially, multidrug-resistant Gram-negative bacteria has become very problematic. We
developed lithocholic acid containing main-chain polyionenes that show antimicrobial
activity against several bacterial species. Interestingly, by choosing appropriate monomers,
these cationic polymers can form core-shell micelles where the hydrophobic core is
composed of lithocholic acid structure. These nanoparticles can be developed into carriers
to deliver hydrophobic antibiotics to have a dual functional antimicrobial system.
4.2 Introduction
Microbial infections have become problematic due to the difficulty to treat them
with conventional antibiotics. The use and misuse of antibiotics and well as the lack of new
molecule discovery over the last few decades have resulted in the rise of antibiotic resistant
pathogenic microorganisms that circumvent the well-being of humans worldwide.
Specially, the rise of drug-resistant Gram-negative bacteria is of particular concern given
the limited number of antimicrobial agents that can be used for such infections.1, 2 The cell
wall structure and the presence of an outer envelope is often responsible for the less
sensitivity of Gram-negative bacteria to antimicrobial agents.3 Antimicrobial polymers are
a class of hydrophilic cationic macromolecules that can selectively destroy microorganisms
such as bacteria, fungi or protozoans with low or no toxicity to mammalian cells.4
In our group, we have developed several antimicrobial macromolecules utilizing
natural rosin with impressive activities.5-8 There the cationic charge was implemented as
pendent groups on polymer chains. However, antimicrobial agents such as antimicrobial
peptides and antimicrobial polymers favor a facially amphiphilic orientation during their

101

mechanism of action. In search for facially amphiphilic biomolecules, we noted bile acids
as potential candidates to prepare effective antimicrobial polymers. Bile of mammals and
other vertebrates are rich in bile acids that are amphiphilic steroid acids. They typically
stay conjugated with taurine or glycine in the liver forming bile salts that serve as
surfactants to solubilize dietary lipids and fats by the formation of micelles allowing
digestion of food. Liver cells produce primary bile acids such as cholic acid and
chenodeoxycholic acid in humans via oxidation of cholesterol in a multi-step pathway.
Bacterial partial dihydroxylation in the intestine results in secondary bile acids such as
deoxycholic acid and lithocholic acid. Bile acids have been utilized for many areas
including drug delivery,9 sensing,10 polymeric gels,11 antimicrobial12,

13

and other

biological applications.14. Bile acid based amphiphiles demonstrate strong interactions
with cell membranes.15
The 5β framework of bile acids or the cis A - B ring junction imparts a curvature to
the ring system resulting in two faces with dramatically different properties.16 Hydroxyl
groups of bile acid molecules are positioned in the α-face while their methyl groups are in
the β-face, thereby creating facial amphiphilicity (Figure 4.1). The steroidal nucleus with
four fused rings provide the hydrophobic core that can preferentially embed into cell
membranes. The presence of hydroxyl and carboxylic acid group offer hydrophilic
chemical functionalization to achieve robust and scalable molecular designs and
architectures to investigate key determinants of its surface activity and the ability to
selectively solubilize membrane lipids.
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Figure 4.1 Facially amphiphilic structure of lithocholic acid.
Recent advances on bile acid in macromolecular research include a broad variety
of structures with bile acids as repeating units in the polymer backbone, as pendant groups
along the polymer chain in block or statistical polymer and chain end-functional
polymers.17, 18 Notable research on bile acid polymers have been carried out by X. X. Zhu
and coworkers.18 Biopolymers containing bile acids in the main chain have been widely
prepared using step-growth polymerization via incorporating a variety of linkers, such as
esters, amides, triazoles, urethanes, and imines. Polycondensations are useful to prepare
highly efficacious and inexpensive antimicrobial polymers for wide scale applications.19 A
unique class of polyelectrolytes known as polyionenes can be prepared by
polycondensation to have cations in the main chain at regular and specific sites.
Polyionenes have many applications in fields such as gene transfection, cancer drug
delivery and antimicrobial. They are generally prepared from a reaction between ditertiary
amines and dihalides via Menschutkin reaction.20, 21

With the proper combination of

cationic and hydrophobic units, such polymers have been developed into antimicrobial
agents with strong antimicrobial activities with good biocompatibility.22, 23 However, there
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is little research done to prepare hydrophobic polyionenes that incorporate biomass derived
chemicals targeted for antimicrobial applications.
We envisioned the possibility to develop ditertiary amines and dihalides monomers
from bile acids such as lithocholic acid that can be used to prepare polyionenes. Water
soluble cationic polymers with a degradable backbone can be easily developed using
lithocholic acid in the main chain. In this study, we developed difunctional monomers from
LCA and used them to make cationic polymers that contain quaternary ammonium groups
along the polymer backbone. These polymers formed micelles in water at low
concentrations. The antimicrobial activity and the drug loading capability were
investigated.
4.3 Experimental section
Materials
Lithocholic acid (95%, Aldrich), lithium aluminum hydride (95%, Aldrich) and 6bromohexanoyl chloride (97%, Aldrich) were used as received. N,N,N’,N’-tetramethyl-1,2ethanediamine (99%, TCI) and N,N,N’,N’-tetramethyl-1,6-hexanediamine (99%, Aldrich)
were distilled before used. Tetrahydrofuran (THF) and N, N-dimethylformamide (DMF)
were dried over drying columns. Ampicillin was purchased from VWR as the pure form.
All other reagents and solvents were from commercial resources and used as received
unless otherwise mentioned. Spectrum Spectra/Por® 3 Dialysis Membranes with MWCO
3500 was purchased from VWR.
Characterization
1

H NMR (300 MHz) spectra were recorded on a Bruker Avance III HD 300.

Zetasizer Nano ZS, Malvern Instruments Corporate was used for the determination of
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micelle size and surface charge. The morphology of the polymer nanoparticles was
recorded by using the Field-Emission Scanning Electron Microscopy (FE-SEM, Zeiss
UltraPlus). UV-vis spectra were recorded on a Shimadzu UV 2450 spectrophotometer.
Synthesis of 3α,5β-cholane-3,24-diol
A suspension of LiAlH4 powder (2.0 g, 0.053 mol, 2.0 equiv.) was added to dry
THF 100 mL in a round-bottom flask, slowly and carefully at 0 °C. Then lithocholic acid
(10 g, 0.027 mol, 1.0 equiv.) was added to the suspension in small quantities at 0 °C while
stirring vigorously. After keeping at room temperature for 30 min, the mixture was refluxed
for 18 h. Then the reaction mixture was transferred carefully to a 10 % HCl(aq) 1 L in a
conical flask. The product was extracted to diethyl ether 3 times. After drying with
anhydrous MgSO4, the solvent was removed by rotary evaporation. Then it was kept in a
vacuum oven at 50 oC over night to obtain a white crystalline powder 9.6 g (yield = 99 %).
Synthesis of Lithocholic Dibromide Compounds
3α,5β-cholane-3,24-diol (10.0 g, 0.275 mol, 1 equiv.) was transferred to a solution
of 6-bromohexanoyl chloride (23.5 g, 0.11 mol, 4.0 equiv.) in dry THF at 0 °C. The flask
was sealed and stirred at room temperature for 24 h. Then it was washed with NaHCO3,
water and brine against DCM. The product was concentrated by rotary evaporation and
precipitated into methanol three times. Then the product was filtered and vacuum oven
dried to obtain a white powder 15.0 g (yield = 75 %).
Synthesis of Main-chain Cationic Polymers
Stoichiometric amounts of the dibromide and the diamine were used for the
condensation polymerization. In a typical procedure, the dibromide (500 mg, 0.698 mmol,
1 equiv.) was transferred to a 25 mL round-bottom flask. It was added with N,N,N’,N’tetramethyl-1,6-hexanediamine (121.4 mg, 0.698 mmol, 1 equiv.) using dry DMF 5.0 mL.
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The flask was sealed using a rubber septum and heated to 60 oC for 24 h. After the
completion of the reaction, the mixture was dialyzed against 3 L of water for 24 h. Then
the remaining solution was freeze-dried for 2 days to obtain a white powder 485 mg (yield
= 78 %)
Critical Micelle Concentration
The CMC value of the polymer was determined using the fluorescence of pyrene
as the probe. A stock solution of pyrene (0.1 mg/mL) in acetone. Then, 20 µL of the pyrene
solution was added to glass vials and left to dry. Next, a series of polymer solutions were
made at concentrations ranging from 0.3 mg/mL to 0.0001 mg/mL using serial dilution.
Afterwards, 10.0 mL of each polymer solution was added to pyrene containing vials, vortex
for 1 min and left at room temperature for 24 h for the system to reach equilibrium. The
polymer solutions were excited using 334 nm excitation wavelength and emission was
recorded at 372 nm and 392 nm with slit width kept at 2.5 nm.
Antimicrobial Assay
Actively-growing cultures of each bacterial strain on Mannitol salt agar (MSA)
were inoculated on Tryptic Soy Broth (TSB) agar plates. The bacterial growth culture (cell
concentrations were 1.0 x 106 CFU/mL) 10 μL was diluted to 1 mL in TSB and 100 μL of
that was spread on TSB agar plates to form a bacterial lawn covering the plate surface.
Then 6 mm (diameter) sterile discs were placed on the plate surface, followed by adding
the polymers and compounds at different concentrations in DMSO was added to disks. The
plates were incubated at 37 oC for 18 h. The development of a clear zone around the disk
was indicative of the ability of materials to kill bacteria.
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Antibiotic Loaded Micelles and Drug Release
The hydrophobic antibiotic ampicillin was used to demonstrate the drug loading
capability of these polymers. Drug loaded micelles were prepared by a membrane dialysis
method. The polymer P2 10.0 mg was mixed with ampicillin 10.0 mg and dissolved in 5
mL of DMSO. Then the solution was dialyzed against deionized water 3 L at room
temperature. The water was replaced three times over 24 h. Then the dialysis bag
containing the drug loaded micelles was immersed in a graduated glass media bottle
containing PBS solution 150 mL at 37 oC. The stirring was kept at 300 rpm. At specific
time intervals, 3 mL of the solution was taken out for UV-vis analysis. After the
measurements, the solution was returned to the bottle. The cumulative release was
calculated based on the total release of the contents from the dialysis bag.
4.4 Results and Discussion
Reduction of lithocholic acid utilizing LiAlH4 is a robust and high yielding route to
obtain 3α,5β-cholane-3,24-diol. This diol compound is converted to a dibromide using
fatty acyl bromides with different lengths. The cationic polymers were synthesized by the
stoichiometric copolymerization of dibromocholane derivatives with the corresponding
ditertiary amines according to the Menschutkin reaction (Figure 4.2). As we envisioned
there is a wide range of ditertiary amines that can be used for the polymerization allowing
us to explore several different polymers for potential antimicrobial applications. However,
initially few structural variations were investigated to obtain a polymeric system that can
produce cationic micelles at fairly low critical micellar concentration (CMC). Such
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micelles can be used to deliver hydrophobic antibiotics such as ampicillin or ciprofloxacin
in to microbial cells.24

Figure 4.2 Synthesis of main-chain cationic polymers from lithocholic acid. Polymer P1,
n=2 and polymer P2, n=6.
The intermediate compounds were purified by simple precipitation because the
hydrophobic steroidal structure made the compounds insoluble in methanol. After the
polymerization reaction was completed, dialysis against deionized water was employed to
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remove oligomeric molecules and unreacted amines. The products were characterized by
1

H NMR (Figure 4.3).

Figure 4.3 1H NMR spectra of the compounds and polymer in each step of the synthesis.
Interestingly, after dialysis the polymers form micelles (Figure 4.4A) as observable
by turbid solution that showed Tindall scattering. This demonstrated that the polymers can
form particles in water. In addition, the micelles were observed using SEM (Figure 4.4B).
The particles size was in a broad range because they were prepared by redispersing the
freeze-dried polymer powder. Amphiphilic polymers that contain hydrophobic and cationic
regions can self-assemble to form core-shell structure in aqueous solutions. Here in the
lithocholic polymer micelles, the hydrophobic core is composed of the steroidal rings while
the cationic linkers form the shell (Figure 4.4C)
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Figure 4.4 Polymer nanoparticle characterization. (A) An image of polymer P2 (n=6) in
water (right) and filtered deionized water (left) against a laser. Only the polymer solution
shows light scattering. (B) SEM image of the polymer micelles. The samples were prepared
by drop-casting. (C) An illustration of the polymer micelle where the hydrophobic core is
made of the steroidal rings and the cationic groups make the hydrophilic shell.
Dynamic light scattering (DLS) was used to measure the size of the micelles (Figure
4.5). The size of the micelles depend on the size of the linker amine. The polymer P2
formed smaller micelles (average diameter ~ 296 nm) while the polymer with shorter linker
formed larger micelles (average diameter ~1000 nm). Micelles made from 24 h dialysis
showed narrow dispersity while the ones made by redispersing the freeze-dried samples
were broader in size distribution. This may be due to the shorter equilibration times allowed
in the latter method. Given the smaller size of the nanoparticles polymer P2 was
investigated more for the CMC, antimicrobial activity and drug loading capabilities. In
addition, the average surface zeta potential of the micelles was about +64 mV.
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Figure 4.5 Polymer micelle characterization using DLS.
The CMC of the polymer P2 was measured using pyrene as a spatially sensitive
floroscent probe. Pyrene florscence peak ratios at 372 nm (I1)and 391 nm (I3) can be used
to probe the hydrophobicity of the environment (Figure 4.6). The concentration of pyrene
was kept at 1x10-7 M to make sure excimer formation is avoided. The peak intensity at 391
nm increased significantly with increasing amount of polymer concentration indicating the
partition of pyrene molecules into the hydrophobic core of the polymer micelles. The
CMC for P2 was estimated to be 16.2 µg/mL. Such a low CMC value is useful to maintain
the micellar morphology in dilute media used for antimcirobial applications.
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Figure 4.6 Polymer critical micellar concentration evaluation using pyrene as a probe.

Figure 4.7 Antimicrobial activities of polymer P2. Inhibition zone measurements vs
concentration (µg/disk).
The antimicrobial activity was evaluated using disk diffusion assays against Grampositive S. aureus and Gram-negative E. coli (Figure 4.7). The starting lithocholic acid or
the dibromide did not show any activity. Interestingly the micellar solutions show strong
activity against both classes of bacterial at low concentrations demonstrating its broadspectrum activity.
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Low biocompatibility, poor bacterial cell penetration and unwanted side effects and
susceptibility to microbial resistance mechanisms are some of the causes leading to the
clinical failure of novel antibiotics. Polymeric micelles and other nano structures that can
incorporate antibiotics as carriers are considered as a promising approach to address such
issues.

25, 26

In this study, the antibiotic ampicillin was successfully loaded to polymer

micelles via a dialysis method. As a demonstration of such capability, only a single initial
loading was explored although more studies are in progress. Figure 4.8 shows the release
profile of the drug under physiological conditions. The release profile indicated a sustained
release. After 10 h period, the cumulative release reached to about 77 %. Such behavior
shows that the hydrophobic drug molecules were encapsulated into the hydrophobic core
of the polymer micelles.

Figure 4.8 Release profile of the antibiotic ampicillin in PBS buffer at 37 oC. (A) UV-vis
measurements. (B) Cumulative release profile.
4.5 Conclusions
In conclusion, main-chain quaternary ammonium containing antimicrobial
polymers were developed using lithocholic acid as the hydrophobic structure. The
synthesis involved only three simple steps that show the potential to be synthesized at large
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scale. The polymers formed micelles in aqueous media at low CMCs. The particles sizes
can be controlled by varying the length of the amine linkers. These polymers showed
prominent antimicrobial activities and show promise as broad-spectrum antimicrobial
agents. It was demonstrated that the polymer micelles can incorporate hydrophobic drugs
and release over long periods of time under physiological conditions. Additional research
is needed to explore the drug loading capacity of the micelles and their dual functional
antimicrobial activity as well as biocompatibility with mammalian cells.
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CHAPTER 5
BIOBASED PLASTICS AND ELASTOMERS FROM RENEWABLE ROSIN VIA
“LIVING” RING-OPENING METATHESIS POLYMERIZATION5

5

Ganewatta, M. S.; Ding, W.; Rahman, M. A.; Yuan, L.; Wang, Z.; Hamidi, N.; Robertson,
M. L.; Tang, C., Biobased Plastics and Elastomers from Renewable Rosin Via “Living”
Ring-Opening Metathesis Polymerization. Macromolecules 2016, 49, 7155-7164.
Reprinted here with permission. Copyright (2016) American Chemical Society.
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5.1 Abstract
Utilization of biomass for commodity polymers has gained tremendous interest. We
report a method to prepare high molecular weight renewable homopolymers and block
copolymers derived from natural rosin. Monomers with high renewable content (70 wt %)
were prepared via a simple esterification reaction between dehydroabietic alcohol and 5exo-norbornene carboxylic acid. Living and controlled polymerization of these monomers
were achieved by ring-opening metathesis polymerization (ROMP) to obtain polymers
with molecular weight up to ~500 kg/mol. These homopolymers exhibit structuredependent glass transition temperatures, excellent thermal stabilities and thermoplastic
properties. Chain entanglement molecular weight was determined via rheological
assessments for such polymers with bulky side moieties. Using the living ROMP,
dehydroabietic-based homopolymer was chain-extended with a soybean oil-derived
norbornene monomer to yield triblock copolymers, which show behaviors of thermoplastic
elastomers.
5.2 Introduction
With the decline of fossil reserves and aggravated change of environmental
conditions, there is a remarkable interest in both academia and industry for generating a
leap towards sustainable materials derived from renewable biomass feedstock.1-3 Therefore,
the development of sustainable chemicals and polymers from biomass has witnessed a
sharp increase during the past decade.4,

5

Incorporation of sustainable polymers in

commodity applications steadily increases in the pursuit of a biobased polymer market.6, 7
However, there is some divergence between sustainable polymers and petroleum-derived
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counterparts in terms of relative cost and performance that should be addressed to meet the
current market demands.8
Non-food biomass derived chemicals are more appealing as building blocks for
polymers.9 Especially, chemicals from forestry products such as lignin,10, 11 cellulose12 and
rosin13 are of more interest due to their wide abundance and low-cost. Rosin is produced
by conifer trees, especially pine tree as a defense against herbivore and pathogen attacks.14
Rosin based materials are used for decades as adhesives, paints and coatings, inks, soaps
and detergents, lubricants, fuel additives, and food additives. Rosin consists of several resin
acids (or rosin acids) such as abietic, dehydroabietic, palustric, pimaric and neoabietic acid.
The worldwide production of rosin is more than 1 million metric tons per year.13 Resin
acids are obtained by several sources such as gum rosin that is the exudate of wounded
pine trees, or tall oil rosin via fractionation of crude tall oil from the Kraft pulping process
or wood rosin by extracting pines tree stumps.13
Over the past few years, several research groups including ours have produced a
variety of well-defined polymeric materials based on resin acids.13, 15, 16 We have prepared
various types of rosin acid-containing sustainable polymers via techniques such as ATRP,
ROP, and ADMET.17-21 Polymers with cationically modified resin acids were developed
as effective antimicrobial biomaterials.22-25 Sacripante et al. reported the synthesis of
polyester resins from dehydroabietic acid.26 In addition, Cramil et al. studied the cationic
dimerization of abietic acid to design polymers by ADMET.27 However, in all cases it is
challenging to obtain high molecular weight homopolymers (>50 kg/mol) that contain resin
acids, largely due to the unfavorable steric influence by the bulky tricyclic structure. The
presence of bulky hydrophenanthrene structure significantly increases chain entanglement
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molecular weight to a degree not achievable via the reported strategies. Therefore,
mechanically robust and ductile polymer products have not been reported from these resin
acids.
Synthesis of unsaturated polymers from cycloolefins via ROMP has made a great
impact on polymer science.28 Monomers having considerable ring strain such as
norbornene, cyclopentene, and cyclooctene have been demonstrated to undergo ROMP.29
Renewable cyclic molecules such as caryophyllene, humulene30

and apopinene31 are

found to undergo ROMP to produce polyterpenes. However, resin acids require additional
functionality that has enough ring strain to undergo metathesis. Herein, we report a robust
method to synthesize high molecular weight (HMW) resin acid-derived norbornene
polymers which contain up to 70 wt. % of renewable biomass via controlled and living
ring-opening metathesis polymerization (ROMP). The living polymerization was
demonstrated by kinetic studies as well as by the successful chain extension to prepare
triblock copolymers. The fibrous polymers have high glass transition temperatures (Tg),
impressive mechanical properties and thermal stability. Furthermore, the chain
entanglement molecular weight was, for the first time, investigated using rheological
measurements.
Biobased building blocks for the design of sustainable block copolymers has
become a hot topic in thermoplastic elastomer (TPE) research.32 Renewable biomass and
their derivatives including lactide,33, 34 plant oils,35, 36 methinide,37 ε-caprolactone,38 εdecalactone,39 isosorbide,40 glucose,41 vanillin42, 43 are used to make TPEs. The ability of
the high Tg resin acid blocks to serve as rigid domains for TPE applications is also explored
in this work.
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5.3 Experimental section
Materials
Dehydroabietic acid (DHAA, ~90%) was obtained from Wuzhou Chemicals, China
and

used

as

received.

Lithium

aluminum

hydride

(95%,

Aldrich),

exo-5-

norbornenecarboxylic acid (97%, Aldrich), Hoveyda-Grubbs catalyst 2nd generation (HG2,
97%, Aldrich), trimethylacetic anhydride (99%, Aldrich), 4-dimethylaminopyridine
(DMAP, 99%, Aldrich), ethanolamine (99%, Aldrich), 3-amino-1-propanol (99%, Aldrich),
methacrylic anhydride (94%, Aldrich), triethylamine (TEA, 99%, Alfa Aesar), 3chloroperbenzoic acid (mCPBA, 70 − 75%, Alfa Aesar), were used as received. Grubbs
catalyst 3rd

generation (G3) was synthesized following a procedure reported in

literature.44 Soybean oil-containing monomer (M3) was prepared following our previous
report.45 Dichloromethane (DCM) was dried over drying columns. All other reagents were
from commercial resources and used as received unless otherwise mentioned.
Molecular Characterization
Nuclear magnetic resonance (1H NMR and 13C NMR) experiments were performed
on a Bruker Avance III HD 300 using deuterated chloroform as the solvent. The Fourier
transform infrared spectrometry (FTIR) spectra were taken on a PerkinElmer spectrum 100
FTIR spectrometer. Mass spectrometry was conducted on a Waters Micromass Q-Tof mass
spectrometer. Molecular weight and molecular weight distribution of polymers were
determined using a gel permeation chromatography (GPC) equipped with a Waters 1525
Binary Pump, three Styragel columns and a Waters 2414 Refractive Index (RI) detector.
HPLC grade THF solvent was used as eluent at 35 °C with a ﬂow rate of 1.0 mL/min. The
system was calibrated with narrow dispersed polystyrene standards obtained from Polymer
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Laboratories. GPC samples were prepared by dissolving the polymer in THF at a
concentration of 3-5 mg/mL and passing through PTFE micro ﬁlters with average pore size
of 0.2 μ m. The injection volume was 50 μL. Absolute molecular weight determination was
carried out using light scattering measurements similar to our earlier report.46
Thermal, Mechanical and Rheological Properties
Glass transition temperature (Tg) of polymers was characterized by a TA
Instruments Q2000 differential scanning calorimeter (DSC) calibrated for temperature with
an indium standard. About 10 mg of each sample was used for the DSC test with a nitrogen
flow rate at 50 mL/min. Samples were heated from -50 °C to 200 °C at a rate of 10 °C /min
and cooled down to -50 °C at the same rate. The data were collected from the second
heating scan. The thermal degradation properties were investigated by thermogravimetric
analysis (TGA), using TA Instruments Q5000 TGA system. The sample (~10 mg) was
heated from room temperature to 150 °C at a rate of 10 °C/min under nitrogen and kept at
150 °C for 10 min. The balance purge flow was kept at 10.0 mL/min and the sample purge
flow was 25 mL/min. Then the sample was cooled to 30 °C and heated to 800 °C at the
same rate.

Tensile stress-strain testing was carried out with an Instron 5543A testing

instrument. The films were prepared by dissolving ~750 mg polymer in THF,
centrifugation at 5000 rpm to remove any particles and casting the THF solution in a PTFE
mold. After the evaporation of solvent, the film was kept under vacuum for 18 hours at
room temperature, 12 hours at 60 °C under nitrogen and 12 hours at 60 °C under vacuum.
The dog-bone shape films with a width of 5 mm and a length of 22 mm were tested at room
temperature with the crosshead speed of 5 mm/mm for thermoplastics and 20 mm/min for
thermoplastic elastomers. The cyclic tensile deformation was conducted stepwise up to 100%
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strain. In a typical cycle, when the sample reached 100% strain, the crosshead direction
was reversed and the strain was decreased at the same rate until stress was reached to zero.
Entanglement molecular weight of the polymer was characterized through measurement of
frequency-dependencies of the dynamic moduli (G’, G”) using a TA Instruments DHR-2
rheometer. A polymer was compression molded at 130 °C into a 25 mm disk using an
evacuable pellet die. The disk was then placed between 25 mm parallel plates, and heated
up to 130 °C. The linear region was firstly determined by a strain sweep from 0.1% to 10%
at a frequency of 10 rad/s. A frequency sweep was then performed within the linear region
from 0.1 rad/s to 100 rad/s. The strain sweep and frequency sweep were performed every
10 °C from 130 °C to 230 °C. The master curve was then obtained by time-temperature
superposition at a reference temperature of 180 °C.
Morphological Characterization
Atomic force microscopy (AFM) was performed using a Multimode Nanoscope V
system (Bruker, Santa Barbara, CA). Tapping mode AFM was used to map the topography
by tapping the surface using an oscillating tip. The measurements were performed using
commercial Si cantilevers with a nominal spring constant and resonance frequency at 20–
80 N m− 1 and 230–410 kHz, respectively (TESP, Bruker AFM Probes, Santa Barbara, CA).
Small-angle X-ray scattering (SAXS) experiment of bulk samples were conducted using
SAXS LAB Ganesha at the South Carolina SAXS Collaborative of the University of South
Carolina. A Xenocs GeniX3D microfocus source and a copper target were used to generate
a monochromic beam with a 0.154 nm wavelength. The instrument was calibrated using a
silver behenate reference with the first order scattering vector q* = 1.076 nm-1, where q =
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4πλ-1 sin θ and a total scattering angle of 2θ. The data were collected for 1 hour in the
transmission mode with an incident X-ray flux of ~1.5 M photons/s.
Density Measurement
The polymer was dissolved in dichloromethane and cast on a microscope slide. The
sample was air-dried for several hours and then dried under vacuum at 120 °C overnight
to remove all solvents and air within the sample. Two solutions were prepared: 1) an
aqueous sodium chloride solution (24 wt% sodium chloride) and 2) a methanol/water
solution (35% vol% methanol). A tall graduated glass column was placed in a water bath
maintained at 23 °C. A density gradient of the two solutions was created within the column.
The prepared column was stabilized in the water bath overnight prior to use. Calibration
beads of known density were placed in the column to generate a density-height calibration
curve. Finally, the degassed polymer was placed in the column and the density was
determined using density-height calibration curve, after equilibration for 1-2 days.
Measurements on three separate specimens were taken to ensure reproducibility.
Synthesis of Dehydroabietane-18-ol (1)
Dehydroabietic acid (15.0 g, 0.05 mol, 1.0 equiv.) was dissolved in anhydrous THF
(50 mL) in a round-bottom flask and kept in an ice bath at 0 °C. Then LiAlH4 powder (5.9
g, 0.15 mol, 3.0 equiv.)) was added to the THF solution slowly and carefully. It was stirred
at room temperature for 30 min and later keep under reflux for 12 h. Then the reaction flask
was kept in an ice bath and quenched with 10 % HCl. The THF was removed by rotary
evaporation and the product was extracted with DCM 3 times, washed with NaHCO3 and
brine. After drying with anhydrous MgSO4, the solvent was removed by rotary evaporation
and vacuum dried to obtain a viscous colorless product 12.0 g (yield = 84%). 1H NMR (300
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MHz, CDCl3, δ (ppm)): 7.18 (d, J = 8.2 Hz, 1H; Ar), 6.99 (d, J = 8.1 Hz, 1H; Ar), 6.89 (s,
1H; Ar), 3.36 (ddd, J = 97.5, 10.9, 5.3 Hz, 2H; CH2OH), 2.96-2.82 (br, 2H; CH2Ar), 2.882.75 (m, 2H; ArCH(CH3)2), 2.29 (m, 1H; CCHC), 0.89 (s, 3H; CCH3). 13C NMR (75 MHz,
CDCl3, δ (ppm)): 147.35, 145.55, 134.79, 126.83, 124.27, 123.82, 72.26, 43.95, 38.47,
37.86, 37.36, 35.13, 33.48, 30.14, 25.32, 24.04, 18.89, 18.68, 17.43. MS (EI), m/z calc.
286.2297; obs. 286.2296.
Synthesis of Dehydroabietanyl Norborn-5-ene-2-carboxylate (M1)
A typical synthetic procedure included the following steps. Reduced dehydroabietic
acid (1) (1.0 g, 3.5 mmol, 1 equiv.) was dissolved in anhydrous THF (15 mL). It was added
with exo-5-norbornene carboxylic acid (532 mg, 3.85 mmol, 1.1 equiv.), trimethylacetic
anhydride (731 mg, 3.85 mmol, 1.1 equiv.) and 4-dimethylaminopyridine (DMAP) (4.3
mg, 0.035 mmol, 0.01 equiv.). The round bottom flask was purged with nitrogen for 10
min and kept stirring at 60 °C for 24 h. Afterwards, 1 mL of water was added and stirred
15 min at 60 °C to quench the remaining anhydride. The workup step involved the removal
of THF by rotary evaporation, washing with a saturated solution of NaHCO3 twice, brine
once, drying the DCM layer with anhydrous MgSO4, and rotary evaporation of solvent to
obtain the partially pure product. Further purification was carried out by column
chromatography (silica gel, eluent: hexane: ethyl acetate, 9.5:0.5) to yield the pure product
as a viscous oil 1.2 g (yield = 85%). 1H NMR (300 MHz, CDCl3, δ (ppm)): 7.19 (d, J =
8.2 Hz, 1H; Ar), 7.00 (d, J = 8.2 Hz, 1H; Ar), 6.90 (s, 1H; Ar), 6.20 – 5.98 (m, 2H; CHCH),
3.85 (ddd, J = 18.5, 11.0, 7.1 Hz, 2H; CH2O), 3.01 (s, 1H; COCHCH), 2.96-2.72 (m, 4H;
CH2Ar, ArCH(CH3)2), CH2CHCH), 2.29 (m, 1H; CCHC), 2.22 (dd, J = 9.3, 4.2 Hz, 1H;
COCH), 0.96 (s, 3H; ArCCH3). MS (EI), m/z calc. 406.2872; obs. 406.2870.
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Synthesis of 4'-Hydroxybutyl Dehydroabietate (2)
Dehydroabietic acid (5 g, 0.017 mol, 1.0 equiv.) in a round bottom flask was kept
in an ice bath. Then 10 mL SOCl2 (excess) was added slowly to the flask. While stirring,
it was added with two drops of dry DMF. After 30 min, the reaction flask was fixed with a
condenser and kept under reflux for 3 h. Excess SOCl2 was removed by rotary evaporation,
redissolved in anhydrous DCM and transferred to a flask containing 1,4-butanediol (3.0 g,
0.050 mol, 3.0 equiv.) and triethylamine ( 5.1 g, 0.050 mol, 3 equiv.) at 0 °C. Then it was
heated to 40 °C for 18 h. To purify the product, the crude mixture was washed with a
saturated solution of NaHCO3, water and brine. Later, the organic layer was dried with
anhydrous MgSO4. After removal of the solvent a viscous pale yellow product was
obtained (yield = 73 %) 1H NMR (300 MHz, CDCl3, δ (ppm)): 7.18 (d, J = 8.2 Hz, 1H;
Ar), 7.01 (d, J = 8.2 Hz, 1H; Ar), 6.89 (s, 1H; Ar), 4.18-4.02 (m, 2H; COCH2), 3.67 (t, J =
6.2 Hz, 2H; CH2OH), 3.01 (s, 1H; COCHCH), 2.96-2.73 (m, 3H; CH2Ar, ArCH(CH3)2)),
2.27 (m, 1H; CCH2). MS (EI), m/z calc. 372.2664; obs. 372.2669.
Synthesis of 4-((Norborn-5-ene-2-carbonyl)oxy)butyl Dehydroabietate (M2)
A similar protocol to the synthesis of HBDA was followed here. exo-5-norbornene
carboxylic acid and HBDA was used as the reactants. For the purification after extraction,
column chromatography (silica gel, eluent: hexane: dichloromethane, 1:1) was used. (yield
= 82 %) 1H NMR (300 MHz, CDCl3, δ (ppm)): 7.19 (d, J = 8.2 Hz, 1H; Ar), 7.01 (d, J =
8.2 Hz, 1H; Ar), 6.88 (s, 1H; Ar), 6.27 – 6.01 (m, 2H; CHCH), 4.10 (p, J = 11.0 Hz, 4H;
2xCOCH2), 3.01 (s, 1H; COCHCH), 2.96-2.74 (m, 4H; CH2Ar, ArCH(CH3)2),
CH2CHCHCH), 2.36-2.17 (m, 3H; COCH, CHHCCHC). MS (EI), m/z calc. 492.3240; obs.
492.3236.
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Synthesis of Polymers P1 and P2 by ROMP
Polymers were synthesized using G3 or HG2 catalysts. A typical procedure for the
synthesis of a polymer with a monomer to catalyst ratio 250:1 is as follows. Catalyst HG2
(6.19 mg, 9.85 mmol, 1 equiv.) was dissolved in 4.0 mL of anhydrous DCM in a round
bottom flask under nitrogen. The monomer M1 (1.0 g, 2.46 mmol, 250 equiv.) was
dissolved in 16 mL of DCM. The monomer was cannula-transferred into the catalyst under
vigorous stirring of the catalyst solution. After confirming the complete conversion using
1

H NMR, the reaction was quenched with 1 mL ethyl vinyl ether (EVE). The polymer

solution was concentrated about two times and precipitated into methanol twice. Then it
was vacuum dried to obtain the product.
Kinetic Study of ROMP of Monomer M1
The living and controlled polymerization of M1 was studied. Investigation of the
time and conversion to develop semilogarithmic plots was carried out as following. M1
(200 mg, 0.49 mmol, 250 equiv.) was dissolved in anhydrous DCM at room temperature
and transferred to a solution of G3 catalyst (1.43 mg, 0.002 mmol, 1 equiv.) at a final
monomer concentration of 50 mg/mL. Samples were taken out at 1 min intervals into a vial
containing 0.5 mL of EVE to terminate the polymerization. The conversion of monomer
was calculated by comparing integration of the norbornene double bond peak (~6.0 ppm)
to aromatic proton peak (~6.9 ppm). Several polymerizations with different molar feed
ratio of monomer to catalyst were conducted to explore the controlled behavior. G3 catalyst
was also used for this experiment similar to the protocol as mentioned above. All
polymerizations led to >99 % conversion after about 45 min. The degree of polymerization
was calculated from the molecular weight obtained via GPC. Living polymerization was
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demonstrated via a chain extension of a polymer that was not quenched. In this experiment
the polymerization was conducted using G3 catalyst and a monomer to catalyst ratio of
125:1 was used. M1 (51 mg, 0.126 mmol, 125 equiv.) was dissolved in anhydrous DCM at
room temperature and transferred to a solution of G3 catalyst (0.73 mg, 0.001 mmol, 1
equiv.). The complete consumption of monomer was confirmed by 1H NMR. Then
additional amount of monomer (51 mg) dissolved in DCM was transferred to the same
reaction flask. After 1 h, EVE was added to quench the reaction. Samples were analyzed
using GPC and 1H NMR.
Hydrogenation of P1 to Obtain P3
The hydrogenation was carried out using p-toluenesulfonyl hydrazide (TSH). In a
typical experiment, 6 mol equivalent of TSH was used to make sure the complete reduction
of homopolymer. However, it should be noted that the aromaticity remains intact
throughout the reduction procedure. A representative experiment is outlined here. P1
homopolymer (1.0 g, 2.46 mmol double bonds, 1.0 equiv.) was dissolved in 20 mL of
anhydrous toluene. Then, TSH (2.75 g, 14.78 mmol, 6.0 equiv.) and triethylamine (2.0 g,
19.8 mmol, 8.0 equiv.) were transferred. The flask was connected to a reflux condenser
and kept under nitrogen. The flask was placed in an oil bath set at 120 °C and kept under
vigorous stirring for 6 hours. After confirming the conversion by 1H NMR, the reaction
was stopped by cooling to room temperature. The polymer was recovered by precipitating
the concentrated reaction mixture in methanol twice. A white fibrous material was obtained
(yield = 96%).
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Synthesis of Triblock Copolymers (P4-P11)
Triblock copolymers were synthesized following a similar procedure to the
homopolymer preparation. However, sequential monomer addition was used before
quenching the reaction. In a typical experiment, appropriate amount of catalyst (G3) was
dissolved in dry DCM under nitrogen. Then monomer M1 in DCM (<50 mg/mL) was
transferred to the catalyst. After 1 h, an adequate amount of sample was taken out for NMR
and GPC characterizations. Next, soybean oil monomer M3 was transferred to the
polymerization system. Similarly, the third block was also made using M1. Finally, the
reaction was quenched using EVE and the polymer was purified by precipitation into
methanol. The composition of each polymer was confirmed by 1H NMR and GPC.
Thin film Preparation and AFM
Thin films were prepared by spin-coating a 2 mg/mL THF solution of triblock
copolymers onto oxidized silicon wafer (100 nm thick thermal oxide) at 1500 rpm. The
silicon wafers were cleaned using ethanol and then plasma cleaning. The thin films were
annealed at room temperature for 24 hours under THF solvent chamber. Atomic force
microscopy (AFM) was accomplished using a Multimode Nanoscope V system (Bruker,
Santa Barbara, CA) in tapping mode.
5.4 Results and Discussion
Synthesis of Monomers and Polymers
We used widely available dehydroabietic acid (DHAA) as a substrate to prepare
norbornene-containing monomers. Two monomers were prepared where the first monomer
dehydroabietanyl norborn-5-ene-2-carboxylate (M1) is a direct combination of reduced
DHAA and exo-5-norbornene carboxylic acid, and the second monomer 4-((norborn-5-
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ene-2-carbonyl)oxy)butyl dehydroabietate (M2)

has 1,4-butanediol as the spacer (Figure

5.1). This spacer is used to vary the steric effect between the polymer backbone and the
bulky multicyclic side-group. Such modifications can be used to finely tune thermal (e.g.,
Tg) and mechanical properties.

Figure 5.1 Synthesis of dehydroabietic-containing norbornene monomers M1 and M2 and
their polymers P1 and P2.
The structures of both monomers were confirmed by 1H NMR, 13C NMR, IR and
mass spectra. Figure 5.2A and 5.2B illustrates the 1H NMR spectra of the monomers that
unambiguously show the high purity as confirmed by the chemical shifts of aromatic,
alkene and methylene protons that correlate with the DHAA, norbornene, the spacer group
respectively. For example, in Figure 5.2A the three sharp peaks around 6.80-7.20 ppm
correspond to the aromatic protons on the rosin moiety. The double bond in norbornene
appears at 6.10 ppm. The peaks for the methylene protons next to the ester bond in M1 at
3.70-4.10 ppm shows splitting due to restricted rotation at the neighboring quaternary
carbon.

In addition, IR spectra showed the formation of esters bonds (C=O peak at 1715
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cm-1, C-O peak at 1150 cm-1) and the disappearance of the broad carboxylic peak at 25003300 cm-1.

Figure 5.2 1H NMR spectra of monomers and polymers. (A) Rosin acid derived monomer
M1. (B) Monomer with a spacer M2. (C) Homopolymer P1. (D) Homopolymer P2.
The polymerization was carried out using Grubbs’ third generation catalyst (G3) or
Hoveyda-Grubbs’ second generation catalyst (HG2) to achieve complete monomer
conversion and high polymer yields in very short periods of time. The full conversion
(>99 %) was confirmed using the disappearance of the 1H NMR peak at 6.10 ppm of
monomers. Figure 5.2C and 5.2D illustrates the 1H NMR spectrum of homopolymer P1
and P2. There are two overlapping broad peaks at 4.98-5.42 ppm which correspond to the
cis and trans double bonds on the polymer backbone. It should be noted that polymers with
high molecular weight even up to ~500 kg/mol can be prepared by adjusting ratio of
monomer to catalyst. These HMW polymers appear to be fibrous and white color. The
polymer made with a ratio of monomer to catalyst at 1250:1 has a relative molecular weight
Mn = 396 kg/mol and Đ = 1.79 in the Gel Permeation Chromatography (GPC) with a RI
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detector and calibrated with polystyrene standards. However, with a light scattering
detector, Mn was found to be 594 ± 7 kg/mol which is close to the theoretical molecular
weight. When preparing HMW homopolymers, HG2 catalyst resulted in higher dispersity
compared to G3 catalyst.
The double bonds in the norbornene polymer backbone are prone to thermooxidative degradation that may discolor and crosslink polymers, although the polymers
made in this study did not show color changes nor become insoluble during storage at
ambient conditions. This potential problem can be overcome by hydrogenation of such
polymers.47 Typically, hydrogenation of unsaturated polymers enhances their thermal
stability and durability. Diimide hydrogenation offers an efficient and robust route to
remove the unsaturation of polymers.48-50 Thermal decomposition of p-toluenesulfonyl
hydrazide, which was used in this work, generated diimide reducing agent in situ, that
efficiently reduced the unsaturated backbone of polymer. Hydrogenation of homopolymer
P1 resulted in P3 with a similar physical appearance. The alkene protons in the 1H NMR
spectrum at 4.98-5.42 ppm completely disappeared, indicating the complete hydrogenation.
Thermal properties of resultant polymers were characterized using differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). As expected, all the
homopolymers in this study are amorphous and exhibit only a Tg without any melting
temperature. Interestingly, P1 has an exceedingly higher Tg (110 °C) (Figure 5.8A),
compared to polynorbornene Tg (~45 °C) and a resin acid containing methacrylate polymer
we reported earlier that has a Tg ~90 °C.17 Also norbornene polymers with linear pendant
stearic acid showed Tg -32 °C.51 This may be attributed to the rigid multicyclic pendent
rosin group in close proximity to the unsaturated polymer backbone. This steric strain was
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relieved when the rosin group was placed further away from the backbone as the Tg of P2
appeared at 55 °C.
Table 5.1 Homopolymer synthesis and characterizations.

Polymer

Molar ratioa

Conversionb
(%)

Mnc
(kg/mol)

Đc

Tgd
(°C)

Tde(°C)

P1

1250:1

> 99

396

1.79

110

421

P2

200:1

> 99

136

1.96

55

362

P3

1250:1

> 99

384

1.87

85

431

a

Molar ratio: monomer:catalyst(HG2). bMeasured by 1H NMR. cRelative molecular weight
measured by GPC with refractive index detector and calibrated with polystyrene standards.
d
Measured by DSC. eDecomposition temperature at 10 wt. % loss determined by TGA.
Hydrogenation improves the chain motion and thus lowers the Tg, as demonstrated
by P3 (Tg = 85 °C). However, a melting temperature, which is typically present for
hydrogenated polynorbornene,52 was not observed in the rosin-based polymers. These
polymers were heated under a continuous flow of nitrogen to investigate the thermal
resistance (Table 5.1). Hydrogenated polymer P3 showed enhanced thermal stability
compared to unsaturated polymer P1. In contrast, P2 decomposed at a much lower
temperature. The presence of two ester bonds in the repeating unit may be the reason.
Controlled and Living ROMP
The controlled and living polymerization was examined using several kinetic
experiments. The polymerization reactions were conducted utilizing the G3 catalyst which
showed very rapid conversion (>90% within five minutes). First, a kinetic study of
polymerization of M1 was carried out. The monomer conversions were calculated by
comparing 1H NMR signals of vinyl protons and aromatic protons of M1. The semi-
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logarithmic plot (Figure 5.3A) shows a linear relationship between the reaction time and
ln([M0]/[M]), indicating the controlled/living polymerization. In a second study, the feed
ratio of monomer to catalyst was varied, and polymerizations were allowed for complete
conversion. The plot of molar feed ratio vs. degree of polymerization (Figure 5.3B) shows
a linear increase of molecular weight with the feed ratio, further confirming the controlled
polymerization. Also, monomodal GPC curves demonstrated the facile control of
polymerization (Figure 5.3C). Typically, living ROMP allows chain extension of a
polymer to synthesize block copolymers.53,
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We were able to observe smooth chain

extension when an additional amount of monomer M1 was added sequentially. GPC curves
exhibited the successful chain extension (Figure 5.3D).
Chain Entanglement Molecular Weight
The chain entanglement molecular weight (Me) is a critical property governing
physical behaviors of a polymer in both glassy and rubbery states. Rheology was employed
to characterize Me of homopolymer P1, which contains bulky rosin side-chain anticipated
to increase Me. The frequency (ω) dependencies of the dynamic moduli (G’, G”) were
characterized at various temperatures, and time temperature superposition was employed
to create a master curve, presented in Figure 5.4.
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Figure 5.3 Controlled and living polymerization of M1. (A) Kinetic plot of polymerization
of M1 with Grubbs’ 3rd catalyst (Reaction conditions: molar ratio M1:G3 = 250:1, in
dichloromethane and at 23 °C); (B) plot of degree of polymerization vs feeding ratio; (C)
Evolution of GPC traces; and (D) GPC traces before and after chain extension (Reaction
conditions: molar ratio M1:G3 = 125:1, in dichloromethane and at 23 °C).
The temperature dependence of the shift factor was in good agreement with the
Williams-Landel-Ferry equation (Figure 5.5). The terminal flow region, where the storage
modulus (G’) is proportional to ω2 and loss modulus (G”) is proportional to ω, is not
observed in Figure 5.4, as the experiments were stopped at temperature of T = 230 °C to
avoid thermal degradation. The master curve shows a rubbery plateau in the intermediate
frequency region, which is a signature of entanglements.
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Figure 5.4 Master curve of G’, G”, and tan δ versus reduced angular frequency at the
reference temperature T = 180 °C for the HMW homopolymer P1.

Figure 5.5 Temperature dependence of the shift factor (squares) and fit of the WilliamsLandel-Ferry equation (dashed curve, C1=6.44058, C2=142.002 K).
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Me is determined through equation 1 where ρ is the density of the polymer at
temperature T, R is the gas constant, and 𝐺𝑁0 is the plateau modulus at temperature T.
𝑀𝑒 =

𝜌𝑅𝑇

(1)

0
𝐺𝑁

The rubbery plateau in Figure 5.4 is frequency-dependent due to the polydispersity of
polymer. Following prior literature for polydisperse polymers, 𝐺𝑁0 was taken to be the
storage modulus (G’) at the frequency where tan δ exhibits a minimum value.55-58
Following this method, 𝐺𝑁0 was determined to be 4.4×104 Pa (at the reference temperature
of 180 °C).
Characterization of Me from the plateau modulus (equation 1) requires
measurement of the density of polymer. The polymer density at room temperature was
measured to be 1.0696 g/ml using a density gradient column. The density at the reference
temperature (180 °C) was estimated using the empirical temperature-dependence of
polymer densities described by Van Krevelen.59
The resulting calculated density at the reference temperature of 180 °C was 1.001
g/cm3. This density was input into equation 1, along with the measured 𝐺𝑁0 , resulting in
Me = 86 kg/mol. This Me value is much higher than that of conventional polymers such as
polynorbornene (Me = 41.0 kg/mol)60 polystyrene (Me = 16.6 kg/mol) or poly(methyl
methacrylate) (Me = 16.6 kg/mol), but comparable to (or less than) polymethacrylates with
bulky side-groups, such as poly(octylmethyl methacrylate) (Me = 86.7 kg/mol) or
poly(dodecyl methacrylate) (Me = 144 kg/mol).61 Register et al. reports Me for
hydrogenated poly(alkylnorbornene)s (e.g., poly(decylnorbornene) Me = 11.0 kg/mol),
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where Me increases with alkyl chain length.62 Therefore, it is not surprising that the
sterically demanding rosin moiety result in such a high Me for its polymer.
Tensile Properties
Plastics with molecular weight lower than Me are absence of chain entanglements
and long-range intermolecular interaction, resulting in brittle behaviors as observed from
many previously reported (meth)acrylate polymers with pendent resin acid groups. In the
current study, the HMW homopolymers with ~500 kg/mol molecular weight, almost 5
times higher than Me, readily form free-standing films. Dog-bone specimens cut from the
solvent cast and dried films were transparent (Figure 5.6A). The films were flexible and
non-tacky. Summary of the monotonic uniaxial tensile results are given in Table 5.2. As
illustrated in the Figure 5.6B, nominal stress-strain curves the homopolymers exhibited
though thermoplastic properties. The homopolymer P1 had an ultimate tensile strength as
high as 25.7 ± 0.3 MPa and a Young’s Modulus of 1.18 ± 0.03 GPa. The elongation at
break was found to be 6.8 ± 0.4 % with the stress at break 23.8 ± 1.1 MPa (Figure 5.6B).
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Figure 5.6 Representative tensile test data of the homopolymers. (A) Dog-bone sample of
homopolymer P1, (B) Representative examples of monotonic uniaxial stress-strain curves
for the homopolymers P1, P2 and P3, (C) Illustration of chain entanglements in the bulky
pendant containing polymer.
Table 5.2. Tensile properties of homopolymers P1, P2 and P3.a
Yield strength

Stress at break Young’s Modulus
(σ) 63
(E) (GPa)

63

Strain at beak
(ε) (%)

P1

25.7 ± 0.3

6.8 ± 0.4

23.8 ± 1.1

1.18 ± 0.03

P2

11.7 ± 0.2

49.4 ± 2.8

8.9 ± 0.2

0.61 ± 0.02

P3

24.2 ± 1.4

18.4 ± 0.1

28.6 ± 1.6

0.31 ± 0.05

Polymer

Average measurements for duplicate samples are shown in the table. Young’s Modulus
calculated for the linear response until 2 % elongation.
a

The polymer P2 with the longer linker appeared as a softer plastic material than P1.
It had a lower yield strength of 11.7 ± 0.2 MPa and a higher elongation at break of 49.4 ±
2.8 %. Interestingly, the hydrogenated polymer, P3 showed whitening during the tensile
test, and its tensile stress increased up to 28.6 ± 1.6 MPa after the yield point meanwhile
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its elongation at break reached 18.4 ± 0.1 %. This may be attributed to strain induced chain
orientation during the deformation, which could be investigated further in the future.
Application in Thermoplastic Elastomers
TPEs are reprocessable materials that bridge rubber and thermoplastics. The most
common TPEs consist of block copolymers with a general structure of ABA, where A is a
thermoplastic block with a high Tg and B is an elastomeric block with low Tg. Microphase
separation occurs where the rubbery middle block constituting a three-dimensional
elastomeric network and the dispersed end block self-assemble into minority domains that
serve as multi-junction points.
The high Tg of P1 makes it favorable for TPE applications. We envisioned that a
triblock copolymer with a soft middle block (low Tg) end-capped with P1 could generate
thermoplastic elastomer properties. With this regard, we chose a soybean oil based
norbornene monomer (M3) that we reported recently.45 Hard-soft-hard type triblock
copolymer, where end block is derived from rosin and middle block is predominantly
derived from soybean oil, was prepared in a one-pot strategy through sequential monomer
addition (Figure 5.7). The composition of the resulting triblock copolymer (denoted as Rb-S-b-R) could be easily controlled by adjusting the feed ratios of monomer.
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Figure 5.7 Synthesis of triblock copolymers by ROMP with sequential monomer addition.
Resin acid derived block is denoted as R and soybean oil derived block denoted as S.
The completion of polymerization reaction was confirmed by 1H NMR and GPC.
The DSC curves showed two Tgs for polymers with the composition of rosin monomer M1
ranging from 15.5 to 45.8 wt% (P4-P8) while the molecular weight was adjusted from ~30
to ~70 kg/mol. This indicated the microphase separation between the partially immiscible
blocks. Most desirable TPE properties were observed when the M1 content was 30.0 wt %
(P10). Two other polymers with 44.4 wt % (P9) and 16.2 wt % (P11) of rosin monomer
were also evaluated for thermal and tensile properties for comparison. The triblock
copolymer characterizations are summarized in Table 5.3. The DSC curves of these are
given in Figure 5.8B. When the end block percentage is increased, the glass transition
corresponding to the end blocks became sharp and the thermal decomposition temperature
of the polymer also improved.
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Table 5.3 Characterizations, thermal and tensile properties of the triblock copolymers R-b-S-b-R.
Rosin contentb
Sample

Mnc

Molar ratioa
(wt %)

(mol %)

(kg/mol)

Tgd (°C)
Đc
R block

S block

Tde(°C)

Stress at
break (σ)f 63

Strain at
beak (ε)f (%)

50:105:50:1

44.4

48.4

95.6

1.38

96

-32

319

2.2 ± 0.1

60.2 ± 1.1

P10

25:105:25:1

30.0

33.4

70.2

1.18

90

-31

309

4.7 ± 0.6

258.5 ± 26.5

P11

25:210:25:1

16.2

18.6

121.9

1.17

89

-34

302

0.76 ± 0.04

478.4 ± 16.7
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P9

a

Molar ratio: M1/M3/M1/G3. bThe percentages were calculated by 1H NMR. cTriblock molecular weight measured by GPC. dMeasured
by DSC. eDecomposition temperature at 10 wt. % loss determined by TGA. fAverage measurements for duplicate samples are shown.

Figure 5.8 DSC curves of the polymers. (A) Homopolymers P1, P2 and P3. (B) Triblock
copolymers P9, P10 and P11. Composition of the triblock copolymers based on feed ratios
are shown.
To further investigate the microphase separation behavior, thin films of P10 were
prepared on silicon wafers and imaged using atomic force microscopy (AFM) (Figure
5.9A). It clearly indicated a microphase-separated morphology. SAXS pattern of the bulk
film showed a distinct first-order peak with a minor overlapping peak and a broad shoulder
peak (Figure 5.9B). Although a well-ordered morphology was not observed, the results
indicated sufficient microphase separation in the bulk sample. The average feature size was
~ 106 nm from SAXS which is consistent with AFM result. The higher molecular weight
of the polymers may have kinetically trapped the polymer chains preventing long range
ordering of the domains.
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Figure 5.9 Morphological characterization of triblock copolymer P10. (A) AFM phase
image indicating microphase separated features. (B) SAXS profile with a sharp first-order
peak and a broad shoulder peak.
Mechanical properties of these triblock copolymers were characterized by
monotonic tensile tests (Figure 5.10A and Table S3). At 30.0 wt % of monomer M1, the
polymer (P10) behaved as a thermoplastic elastomer with elongation as high as 258.5 ±
26.5 % and the ultimate stress at 4.4 ± 0.6 MPa. The rosin content has a strong influence
on the mechanical behavior of the polymer. When there is a high fraction of rosin (P9),
plastic properties were evident while the lower fraction of rosin content (P11) resulted in
elastic properties.
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Figure 5.10 Representative tensile test data of triblock copolymers (A) Monotonic uniaxial
stress–strain curves of triblock copolymers P9, P10 and P11. (B) Cyclic stress–stain curves
of P10. For clarity, the curves are shifted on the strain axis.
The elastic properties of polymer P10 were examined by repetitive cyclic tensile
deformation to a strain of 100% (Figure 5.10B). After the first cycle, about 88.0 % of the
deformation was recovered. Such a plastic deformation may be attributed to the
rearrangement of the rosin domains. The transient behavior was stabilized after several
cycles of deformation as indicated by the peak stress and hysteresis. The energy loss under
cyclic loading and unloading is reduced from 33.9 % in the first cycle to 17.3 % in the
second cycle. After the third cycle the polymer demonstrated excellent elastic
recovery >99 %.
5.5 Conclusions
In summary, we demonstrated that rosin-containing HMW polymers can be
prepared by controlled and living ROMP. The homopolymers showed tough thermoplastic
properties. The Tgs can be modulated from 110 °C to 55 °C via hydrogenation or by
controlling the spacer between the polymer backbone and the bulky dehydroabietic acid
moiety. The chain entanglement molecular weight for rosin-containing polymers was
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determined for the first time to be 86 kg/mol. The high Tg of polymers was utilized to make
thermoplastic elastomers that included a soft middle block derived from soybean oil.
Thermoplastic elastomers with high elastic recovery can be developed using these novel
monomers.
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CHAPTER 6
SUMMARY AND OUTLOOK
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6.1 Dissertation Summary
In this dissertation work, two major research frontiers were explored. First,
antimicrobial biomaterials were developed using natural biomass-derived chemicals. Pine
rosin-derived cationic compounds and polymers were prepared as antimicrobial agents in
solution and on surfaces. The antimicrobial efficacy was tested against a range of bacteria
including MRSA, and the results were promising. These novel materials were highly
biocompatible with mammalian cells. The mechanism of action was elucidated using MDS
and well as dye-leakage assays. The cationic materials were able to disrupt lipid
membranes that may be the major mechanism of action. Contact-active antimicrobial
coatings were prepared using resin acid containing compounds and polymers. They were
antimicrobially active against bacteria and biocompatible with mammalian cells. In
addition, these surfaces reduced the biofilm growth considerably. Antimicrobial mainchain polyionenes were explored using bile acids as the hydrophobic core. They formed
cationic micelles in water that demonstrated antimicrobial activity. In addition, the
antibiotic loaded micelles showed slow release over longer period of times. More recently,
ring-opening metathesis polymerization was utilized to synthesize high molecular weight
polymers from resin acids. Molecular weight of polymers as high as half a million Daltons
was achieved. Flexible and mechanically robust films from these resin acid polymers were
developed. Thermoplastic elastomers were prepared by combining resin acids and soybean
oil derived compounds.
6.2 Future Work
Exploration of renewable biomass as a source of building blocks for sustainable
material development has gained tremendous momentum during the past decade, and will
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keep growing in the future. Antimicrobial biomaterial development using the hydrocarbon
rich biomass such as rosin and bile acids has more avenues for future developments to
make them more effective antimicrobial agents with low toxicity. There are several
polymer architectures such as brush, star and comb and other cationic groups such as
phosphonium, sulfonium and metallo-cations are at their infancy for antimicrobial
applications. In addition, the exploration of microbial response for such cationic
antimicrobial polymers can be useful to predict future antimicrobial resistance
developments. Cationic bile acid polymers can be developed as hydrophobic antibiotic
carriers, which have dual action against bacteria. Improving the performance of biobased
polymeric materials is very important to compete with the petrochemical analogues.
Compared to other renewable biomass, rosin chemistry has to be developed in several
directions before it gains wide spread applications as polymeric materials. Although this
dissertation demonstrated a promising way to enhance the performance of rosin polymers
as thermoplastics and elastomers, further investigations are required to find lower cost
monomers. In addition, other block copolymer architectures can be explored to improve
mechanical robustness (tensile strength, elasticity, etc.).
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